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Abstract 
With the current expansion of offshore oil activities in Arctic regions, there is 
an urgent need to establish the potential effects of oil-related compounds on 
Arctic organisms. The scallop Chiamys islandica is distributed throughout the 
sub-Arctic and has been proposed as a sentinel species for this region. In 
addition, the temperate scallop Pecten maximus occurs in regions of oil 
activity and, with increasing sea temperatures, the limit of its distribution may 
extend further into sub-Arctic regions. P. maximus also accumulates 
contaminants to a greater extent than the current temperate sentinel Mytilus 
edulis. A hierarchical approach, similar to that adopted to assess vertebrate 
immune function, was used to determine immunocompetence in the Arctic 
scallop C. islandica and the temperate scallop P. maximus following 
exposure to oil and oil-related compounds. The Arctic scallop C. islandica 
demonstrated a reduced immunocompetence following both dispersed and 
acute oil exposure. Immunomodulation in the scallops exposed to low levels 
of dispersed oil appeared to be reversible following removal of the 
contaminant stress (Chapter 3). However, a simulated oil spill resulted in 
mortalities and it remains unclear if the organisms are able to recover from 
the substantial immune suppression observed (Chapter 4). A component of 
crude oil and the most abundant PAH in aquatic ecosystems, phenanthrene 
suppressed immune function in P. maximus. These results indicated a link 
between PAH-induced oxidative stress and the subsequent inhibition in 
haemocyte immune function (Chapter 5). However, the ability of scallop 
haemocytes to recognise and respond to a pathogen-associated molecular 
pattern was not affected by phenanthrene exposure (Chapter 6). The 
immune parameters used in this research were shown to be sensitive, 
reliable markers of immunocompetence that can be directly linked to host 
resistance (Chapter 7). These immune parameters were also used to assess 
the sublethal effects of drilling wastes associated with offshore oil production 
(Chapter 8), indicating their potential as ecotoxicological monitoring tools. 
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I Introduction 
1.1 Marine oil pollution 
The marine environment is a major sink for many potentially hazardous 
contaminants (Woodhead et at., 1999). An estimated 3.27 million t of oil 
enter the marine environment each year and oil is now a ubiquitous 
contaminant of all marine ecosystems. Anthropogenic sources are of major 
importance, accounting for more than 90% of inputs (Preston and Chester, 
2001). As the world's demand for oil grows, the offshore oil industry 
continues to expand, with offshore production, tanker operations and 
accidental spills accounting for some 1.17 Mt y"1 of oil entering the marine 
environment (Preston and Chester, 2001). Recent focus has been directed to 
the expansion of oil exploration in Arctic and sub-Arctic regions, with 
exploration projects in both the Euro-Asian Arctic, notably the Barents Sea, 
and on the Alaskan North Slope (AMAP, 2007). Operational discharges from 
offshore oil activities vary depending upon the phase of production; drill 
cuttings and fluids generally dominate waste throughout exploration and pre- 
production, whilst produced water is the primary discharge during operational 
oil extraction (Carroll et al., 2000). These drilling wastes and produced water 
are a major source of oil discharged into marine ecosystems, with petroleum 
hydrocarbons recorded at concentrations of 150 mg 1.1 in seawater in areas 
of oil exploration and production (ACOPS, 1995). High levels of petroleum 
hydrocarbons, up to 80 mg 1-1, have also been reported at a polluted coastal 
site in the Mediterranean Sea (Khedir-Ghenim et al., 2009). 
1 
Oil can have detrimental impacts on marine organisms with mortalities 
observed in various invertebrate species (Table 1.1). Aside from the acute 
effects of crude oil and its water-accommodated fraction (WAF), sublethal 
effects have also been reported across numerous phyla (Table 1.1). 
Organism behaviour is disrupted following exposure to WAF with reduced 
feeding frequency and duration in the American lobster Homarus americanus 
(Atema et al., 1982) and inhibited prey-detection in the seastar 
Coscinasterias muricata (Georgiades et al., 2003). Reproductive impacts 
have been reported following dispersed oil exposure with larval abnormalities 
and mortalities reported in the Northern Shrimp Pandalus borealis (Larsen, 
2004) and Mytilus edulis (Baussant, 2004). The reproductive toxicity of crude 
oil WAF has also been demonstrated in polychaetes (Lewis et at., 2008) and 
copepods (Bejarano et at., 2006). In addition to crude oil and WAF 
exposures, oil components such as polycyclic aromatic hydrocarbons (PAHs) 
have also been shown to elicit acute and sublethal effects. 
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1.1.1 PAHs in the marine environment 
PAHs are natural constituents of crude oil accounting for around 1.9% of its 
composition, and are widespread environmental contaminants (Neff, 2002). 
Concern over their potential toxicity to aquatic organisms has seen the 
inclusion of PAHs on the US EPA Priority Pollutant List (US EPA, 2009) and 
the EU Water Framework Directive Priority Substances List (Annex II of 
Directive 2008/105/EC) (EC, 2010). PAHs are organic compounds made up 
of 2 or more benzene rings with delocalized electrons, and are highly 
lipophilic (Walker, 2001). They can be broadly categorised into two groups, 
petrogenic or pyrogenic PAHs, dependent upon their source. Petrogenic 
PAHs are found in crude oil and refined petroleum products and are made up 
of 2-3 benzene rings. These relatively lower molecular weights PAHs include 
naphthalene, phenanthrene and fluorene (Table 1.2). Pyrogenic PAHs, such 
as pyrene and fluoranthene, have a 4-6 ringed structure and are largely 
derived from combustion of organic matter and industrial processes (Walker, 
2001). Biogenic PAHs are limited, with perylene the most common in marine 
systems, formed through bacterial and algal synthesis (Dahle et al., 2006; 
Boitsov et al., 2009). 
The higher molecular weight (pyrolytic) PAHs are reported to be potential 
carcinogens and mutagens, and have, therefore, received much attention 
regarding biological-effect studies. However, the petrogenic PAHs 
naphthalene, acenaphthylene, acenaphthene, fluorene, anthracene and 
phenanthrene have also been indicated as PAHs of environmental concern 
5 
(US EPA, 2009). Despite pyrolytic PAHs having higher octanol-water 
partition coefficients (K., ), petrogenic PAHs demonstrated a greater 
bioavailability than pyrogenic PAHs to bivalves, including the marine clam 
Mya arenaria (Thorsen et al., 2004). However, there remains a paucity of 
studies focusing on the biological effects of these petrogenic PAHs 
compared to the pyrolytic compounds. 
Table 1.2 Structures of petrogenic PAHs included on the US EPA Priority Pollutant List. Their 
log octanol-water partition coefficients (log KoW) are also given. 
log Kow 
PAH structure (Latimerand 
Zheng, 2003) 
Naphthalene 
aD 
3.37 
Acenaphthylene I `ý I 4.00 
Acenaphthene /I\3.92 
Fluorene ,/r4.18 
Phenanthrene 
C, 
4.57 
Anthracene I 4.54 
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1.2 Evaluating biological impacts of pollution 
Substantial increases in oil exploration and production have occurred over 
the last 25 years (Carroll et al., 2000) and, as a result, there has been a 
growing need for rapid and effective monitoring of the environmental impacts 
of offshore oil production. Direct chemical analysis of pollutants provides 
detailed information on concentrations, composition and spatial distribution 
(Woodhead et al., 1999); however, such analyses give little information on 
their biological consequences. Traditionally, benthic community analyses 
have been used as an indication of the impact of contaminants of biota 
(Serrano et al., 2006; Jorissen et al., 2009), but these are time consuming 
and costly. In addition, changes to community assemblage suggest that 
these higher levels of biological organisation have already been disrupted as 
a result of contaminant exposure (Walker et al., 2001). 
1.2.1 Biomarkers in aquatic toxicology 
Whilst the effects of chemical contaminants may be seen across many levels 
of biological organisation, pollutants first act by altering chemical, structural 
or functional properties essential to cellular functioning (Jagoe, 1996). As 
such, in order to better predict and understand the effects of pollutants on 
organisms, populations and communities, it is important to establish the 
effects at lower levels of biological organisation (Haux and Förlin, 1988). 
These sensitive biochemical, molecular, cellular or physiological endpoints, 
are known as biomarkers (Figure 1.1) and indicate exposure to and/or 
damage incurred by environmental pollutants (Depledge and Fossi, 1994). 
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Although biomarker responses occur at a lower level of ecological relevance 
than alterations at the population and community levels, they also occur over 
much shorter timescales (Figure 1.1), highlighting their potential as early- 
warning indicators of contaminant-induced stress. 
Organisational 
level of response 
community M 8 
0 
g 
t; `a population 
whole organism 
eýac 
X 
physiological 
ea 
cellular 
ýI 
molecular 
I 
biochemical I 
/1I 
Pollutant 
exposure _____i 
Time scale 
biomarker range 
Figure 1.1 The role of biomarkers: linking organisational response, timescale and ecological 
importance. 
Over the past two decades, a wide range of biomarkers have been 
developed for use in aquatic toxicology (Table 1.3) allowing subtle changes 
to be detected at the biochemical level right up to behavioural alterations. 
Significant relationships between biomarkers at the lower levels of biological 
organisation (molecular and cellular) and the higher levels (behavioural) 
have been demonstrated in the seastar Asterias rubens and the mussel 
Mytilus edulis following exposure to the pharmaceutical cyclophosphamide 
(Canty et al., 2009). The authors reported significant correlations between 
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increased DNA damage and reduced feeding rate in M. edulis, and in 
A. rubens an increased righting time was linked to elevated DNA damage 
and micronuclei formation. Recent advances have highlighted the value of 
using a suite of biomarkers to allow rapid assessment of contaminant 
exposure and effect (Galloway et al., 2002; Galloway et al., 2006). In 
addition, the use of biomarkers in sentinel species has also been recognised 
as a cost-effective surrogate measure for assessing overall ecosystem 
health (Depledge and Galloway, 2005). 
Table 1.3 Examples of biomarkers at different levels of biological organisation used in aquatic 
toxicology. 
Organisational 
level 
Biomarker Reference 
Behavioural feeding rate Canty et al., 2009; May et al., 2010; Scarlett et al., 2008 
burrowing behaviour Hyslop and Davies, 1999; Matozzo et al., 2004; Shin et al., 2002 
valve gape May et al., 2010; Tran et al., 2010 
Physiological SFG Dissanayake et al., 2008b; Pook et al., 2009 
heart rate Bamber and Depledge, 1997; Camus et al., 2002a; Fossi et al., 2000 
respiration Camus et al., 2002a; St-Amand et at., 1999 
osmoregulation Bamber and Depledge, 1997; Lignot et al., 1998 
Cellular cell membrane stability Canty et at., 2007; Scarlett et al., 2008 
phagocytosis Dissanayake et al., 2008a; Dyrynda et at., 1998; Parry and Pipe, 2004 
micronuclei Jha et al., 2005; Hagger et al., 2005; Nigro et al., 2006 
Molecular DNA strand breaks Canty et al., 2009; Jha et al., 2000; Petridis et al., 2009 
chromosome aberrations Cheunget al., 2006 
Biochemical glutathione Al-Subiaietal., 2009; Regoli and Principato, 1995 
lipid peroxiadtion Pan et al., 2005; 2006; Quinn et al., 2005 
AChE Bonacci et al., 2008; Brown et al., 2004; Hannam et al., 2008; 
TOSC Bocchetti et al., 2008; Camus et at., 2002b; Regoli, 2000 
metallothionein Da Ros et al., 2007; Gorbi et al 2008; Amiard-Triguet et al., 1998 
Abbreviations: AChE, acetylcholinesterase; SFG, scope for growth; TOSC, total oxyradical scavenging capacity. 
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1.3 Immunotoxicity 
Due to its complexity, an organism's immune system is extremely vulnerable 
to xenobiotic stress (Galloway and Depledge, 2001), and there is increasing 
evidence to suggest that numerous environmental contaminants can impact 
immune function in many organisms (Table 1.4). Growth, disease and 
survival of an organism are partly determined by the capability of the immune 
system (Blaise et al., 2002), therefore, immune function is important in 
assessing sublethal effects of contaminant exposure (Luengen et al., 2004). 
Such sublethal effects may be of great significance to the long-term success 
of a population. For example, following a major oil spill, no direct oil-induced 
mortalities in the mussel Mytilus edulis were recorded, but the same mussels 
exhibited significant immunosuppression (Wootton et al., 2003a). Whilst 
severely compromised immune systems can result in rapid mortality, subtle 
changes in its components can be used as early-warning indicators of 
environmental stress. 
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1.3.1 Invertebrate immunity 
Invertebrates have evolved innate defence mechanisms that can identify and 
protect against non-self material, including various cell-mediated and 
humoral responses. These immune parameters provide an accessible 
means for monitoring immune function (Galloway and Depledge, 2001) and 
act to provide a multifaceted immune response (Pipe et al., 1995b). Due to 
the number of immune components and their overlapping functions that 
contribute towards the immune system (Galloway and Depledge, 2001), 
Livingstone et al. (2000) suggested that a tiered approach be used for 
assessing the impact of environmental stressors on invertebrate immune 
function (Figure 1.2). The first stage of a hierarchical approach is based on 
the apparatus responsible for immune defence (haemocytes, in the case of 
bivalves). Such studies involve assessing the immunopathology, including 
total and differential cell counts and cell viability. The second tier is centred 
on mechanisms of immunity, such as phagocytosis, cytotoxicity and the 
release of humoral factors. The third tier, and potentially the most important, 
determines the overall host immunocompetence through a bacterial 
challenge (Figure 1.2). This is of high ecological relevance, since the range 
of immune strategies available may mean that, even if one parameter is 
inhibited, other immune responses may compensate so the host resistance 
is not compromised. 
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01 
HOST RESISTANCE 
tier 3 bacterial/LPS challenge 
MECHANISMS OF IMMUNITY 
cellular defence humoral defence 
ier2 
"phagocytosis "Iysosomal enzymes 
"cytotoxicity "antimicrobial peptides 
IMMUNE APPARATUS 
haemocyte counts 
(total/differential) 
cellular viability I tier 1 
Figure 1.2 Tiered approach to assessing invertebrate immunocompetence (adapted from 
Livingstone et al., 2000). 
1.3.2 Biomarkers of immunotoxicity 
1.3.2.1 Immunopathology 
Haemocyte counts 
The immune system of invertebrates is largely dependent on the circulating 
cells that move throughout the tissues of an organism to protect against 
foreign material and carry out immuno-surveillance (Pipe et al., 1995b). In 
bivalves these cells are termed haemocytes, which were thought to originate 
in the connective tissues. However, there is now evidence of cell division 
also occurring in the haemolymph of bivalves including the mussel Mytilus 
edulis (Mayrand et al., 2005) and the clam Tapes philippinarum (Cima et al., 
14 
2000; Matozzo et al., 2008). Haemocytes of invertebrates are less 
differentiated than the leucocytes of vertebrates (Hine, 1999). As such there 
has been no accepted haemocyte classification scheme applicable to all 
bivalves; however it is now thought that cells fall into two broad categories, 
the granulocytes and the hyalinocytes (Hine, 1999). Previous work on the 
oyster Crassostrea virginica divided these granulocytes into sub-populations 
based upon the staining of the cytoplasmic granules (Feng et al., 1971) but 
the use of electron microscopy later found these stained granules to be the 
same type (Cheng et al., 1974). Other studies on this same bivalve identified 
three subpopulations of granulocytes based on cell size (Renwrantz et al., 
1979), although it is unclear if these represent different types of granular 
cells or cells at different stages of maturation (Cheng, 1981). Bivalves from 
the family Pectinidae differ from most other bivalves as they lack these 
granulocytes (Auffret, 1988; Mortensen and Glette, 1996). It is due to this 
controversy over bivalve cell classification that differential haemocyte counts 
were not conducted during the studies of this thesis. 
The total number of circulating haemocytes can fluctuate widely (Livingstone 
et al., 2000) and there are contrasting reports of xenobiotics significantly 
increasing or decreasing cell counts. A reduction in total haemocyte count 
was observed in the crustacean Palaemon elegans after exposure to 
20 mg 1-' Cu and 10 mg I-' Cd (Lorenzon et al., 2001). In contrast, the mussel 
Mytilus edulis exposed to 0.05 mg I-' Cu and 0.4 mg 1-1 Cd had an elevated 
number of circulating haemocytes (Coles et al., 1995; Pipe et al., 1999). 
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These conflicting responses may reflect the large difference between 
exposure concentrations. The high Cu and Cd levels used in the P. elegans 
exposure may be acutely toxic to the haemocytes leading to cell death. In 
addition, high concentrations of xenobiotics including Cu and Cd can cause 
histopathological damage (Sunila, 1986; Da Ros et al., 1995), resulting in the 
infiltration of haemocytes into the tissues to carry out wound repair, 
subsequently decreasing the number of circulating haemocytes. Conversely, 
the lower concentrations used in the exposure of M. edulis may stimulate the 
migration of cells from the haematopoietc tissues (Pipe et al., 1999) elevating 
the numbers of circulating cells. These haemocytes may move into 
circulation to sequester metals from the haemolymph, detoxifying the metal 
in their lysosomes (Cajaraville and Pal, 1995) and through the metal-binding 
protein metallothionein (Roesijadi et al., 1997). 
An increase in circulating cells is also reported in M. edulis after low level 
PAH exposure, with 0.2 and 0.4 mg 1-1 fluoranthene significantly elevating the 
THC (Coles et al., 1994). This is in agreement with results from Crassostrea 
gigas exposed to sublethal PAHs in vitro (anthracene, chrysene, fluorene, 
phenanthrene or pyrene) where possible cell migration from the tissues was 
indicated by a higher percentage of viable circulating haemocytes (Bado- 
Nilles et al., 2008). Due to the variable nature of haemocyte counts, it is 
recommended that they should be conducted in parallel with other 
immunopathology assays to allow better interpretations of the results. 
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Cell membrane stability 
Cell membranes are essential in the functioning of cellular immune 
processes with several stages of phagocytosis (recognition, adherence and 
ingestion) dependent upon the membrane properties of the immune cells 
(Grundy et al., 1996b). Alterations in these cell membranes are often one of 
the earliest detectable changes induced by contaminant exposure (Moore, 
1985). The measurement of cell membrane stability can, therefore, provide a 
sensitive indicator of the immune capability of an organism. 
Originally developed for use with 3T3 mouse fibroblast cells, the neutral red 
uptake assay is an in vitro method for determining cell membrane stability 
(Borenfreund and Puerner, 1985). The weakly cationic, supravital dye, 
neutral red (NR) enters cells by passive diffusion across the cell membrane 
and accumulates in the lysosomes of living cells, however, cells with 
damaged membranes have a reduced ability to take up and retain the NR 
dye (Babich and Borenfreund, 1992). The amount of NR taken up by the 
cells can be determined spectrophotometrically after lysing the cells to 
extract the dye, with 'healthier' cells having a higher measured optical 
density corresponding to more dye being retained. This technique gives an 
indication of overall cell membrane stability rather than lysosomal stability as 
it does not distinguish between dye that has accumulated in the lysosomes 
and dye retained within the cytoplasm of the cell. Later work by Lowe and 
Pipe (1994), adapted this method for determining specific lysosomal 
membrane stability. This method involved observing the release of the NR 
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dye from the lysosomal compartment using a light microscope and assigning 
a NR retention time to express the stability of the lysosomal membrane. 
Whilst this technique has proved useful (Ringwood et al., 1999; Wedderburn 
et al., 2000; Hauton et al., 2001; Galloway et al., 2010), it is time demanding 
and restricts the number of samples than can be processed at any one time. 
Therefore, the spectrophotometric method of the NR uptake assay was 
applied in the studies of this thesis. 
The spectrophotometric NR assay has now been included in the OECD 
guidelines for in vitro phototoxicity testing (Commission Directive 
2000/33/EC), and has also been adapted for use in aquatic organisms using 
a microplate method (Pipe et al., 1995). Studies have shown cell membrane 
stability to be a sensitive indicator of contaminant-induced damage, with 
metals (Olabarrieta et al., 2001; Dailianis, 2009), pesticides (Rickwood and 
Galloway, 2004), PAHs (Grundy et al., 1996a; Gomez-Mendikute et al., 
2002) and organotins (Hagger et al., 2005) reducing the cell membrane 
stability of marine invertebrates. However, at very low concentrations, 
contaminants may not compromise the cell membrane, with no effects 
observed in M. edulis exposed to 5 pg 1-1 branched alkylbenzenes (Scarlett et 
al., 2008). The mode of action of toxicants is also important; exposure of 
mussels (M. edulis) and seastars (Asterias rubens) to the anti-cancer drug 
cyclophosphamide had no impact on cell membrane stability, which the 
authors reasoned was due to the primary site of toxicity for this compound 
being the DNA rather than cell membranes (Canty et al., 2009). In contrast 
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lipophilic contaminants are likely to target cell membranes (Dyrynda et al., 
1998) and can penetrate these membranes altering their fluidity (Nelson et 
al., 1990). This spectrophotometric NR assay has been used successfully 
across a range of marine invertebrates including crustaceans (Dissanayake 
et al., 2008a; Hagger et al., 2009), echinoderms (Bekri and Pelletier, 2004; 
Canty et al., 2009) and molluscs (Coles et al., 1995; Pipe et al., 1995; 
Hannam et al., 2009b). 
1.3.2.2 Mechanisms of immunity 
Cell-mediated responses 
Many organisms have developed an efficient internal defence system 
capable of eliminating potential pathogens. Invertebrates rely on innate 
immunity (Livingstone et al., 2000), where the most common, non-specific 
defence mechanism is phagocytosis (Pipe and Pulsford, 1995). This 
mechanism is the cellular ingestion of particulate matter by either nodulation 
(response to small particles) or encapsulation (response to larger foreign 
material) (Pipe and Coles, 1995), and involves 5 stages: recognition, 
chemotaxis, adherence, ingestion and destruction (Feng, 1988). 
In bivalve haemocytes, the phagocytic capability can be measured directly 
through quantification of the uptake of dyed particles into haemocytes (Pipe 
and Coles, 1995). The uptake of neutral-red stained yeast particles (from 
Saccharomyces cerevisiae) has been used to measure phagocytic activity 
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across a range of mollusc species including the bivalves M. edulis (Pipe et 
at., 1995; Dyrynda et at., 1998; Rickwood and Galloway, 2004; Hagger et al., 
2005; Canty et at., 2007), M. galloprovincialis (Cajaraville et al., 1996; 
Olabarrieta et at., 2001; Canesi et al., 2007a), Cerastoderma edule, Ensis 
siliqua (Wootton et al., 2003b) and Ruditapes decussates (Ordas et al., 
1999), and the gastropod Littorina littorea (Gorbushin and Lakovleve, 2007). 
Numerous laboratory studies have demonstrated contaminant-induced 
phagocytic inhibition resulting from metal (Coles et al., 1995), PAH (Grundy 
et al., 1996b; Wootton et al., 2003a; Dissanayake et al., 2008a), 
pharmaceutical (Canesi et al., 2007b) and organophosphorus pesticide 
(Rickwood and Galloway, 2004) exposure. Whilst a reduction in 
phagocytosis appears to be a common result of pollutant exposure, some 
authors report an increase in phagocytic activity in Mytilus sp. associated 
with short-term chemical stress at low concentrations. For example, Canesi 
et al. (2007c) reported a stimulation of phagocytic activity in 
M. galloprovincialis following in vitro exposure to 0.1 pM synthetic estrogens, 
including bisphenol A, benzophenone and mestranol. A similar phagocytic 
increase has been observed in M. edulis following in vivo exposure to 
0.2 mg I-' Cu (Pipe et al., 1999) and 0.125 % oil-well produced water 
(Hannam et al., 2009b) for 7 d. However, all the authors noted that elevated 
phagocytosis changed to phagocytic inhibition for all three pollutant types at 
higher exposure concentrations and longer exposure periods (Pipe et al., 
1999; Canesi et al., 2007c; Hannam et al., 2009b). It was proposed that an 
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initial low dose stimulation of phagocytosis may involve high energetic costs 
to an organism that cannot be maintained for extended periods. Pipe et al. 
(1999) also indicated that exposed organisms may have a threshold for 
contaminant exposure, with a concentration below which phagocytosis is 
stimulated and above which this immune mechanism is impaired. 
A further mechanism of the invertebrate defence system, cytotoxic capability, 
is the ability of the haemocytes to lyse foreign cells (Parrinello et at., 1993). 
This is similar to the cytotoxic reactions of natural killer cells in vertebrates 
(Galloway and Depledge, 2001). Spontaneous cytotoxicity can involve 
soluble cytotoxic mediators found in plasma, or may require direct cell-to-cell 
contact (Parrinello et al., 1993). Cell-mediated cytotoxic reactions, requiring 
contact between the effector and target cells, will be the focus here and have 
been observed in tunicates (Parrinello et at., 1993; Raftos and Hutchinson, 
1995), polychaetes (Porchet-Hennere et at., 1992), gastropods (Gorbushin 
and Lakovleve, 2007) and bivalves (Rickwood and Galloway, 2004; Hannam 
et at., 2009b). 
Exposure to environmental contaminants can affect the ability of haemocytes 
to function properly through alterations in cell membrane stability, as 
discussed in Section 1.3.2.1. Hence, the ability of haemocytes to recognise 
and lyse allogenic target cells may also be altered and therefore a useful 
indicator of immune modulation following contaminant exposure. Studies 
have demonstrated a reduction in the haemocyte-mediated cytotoxicity of 
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M. edulis following in vivo exposure to 0.25% oil-well produced water 
(Hannam et al., 2009b), and a 24 h in vitro exposure to 7 and 15 pg 1-' 
chlorfenvinphos (Rickwood and Galloway, 2004). A reduction in the cytotoxic 
capability of M. edulis haemocytes was also reported in mussels from the 
copper-contaminated Restronguet Creek (Smith, 2002), and in the mussel 
Geukensia demissa from New Bedford Harbour in areas contaminated with 
PCBs and PAHs (Galloway et al., 2002). 
Humoral factors 
Several types of humoral activities have been identified in marine 
invertebrates. These immune-related factors augment the cellular immune 
mechanisms, and are found in the cell-free fraction of the haemolymph 
(Smith, 1991). Humoral factors identified in marine bivalves include hydrolytic 
enzymes (McHenery et al., 1979; Xue et al., 2004), agglutinins (Olafsen et 
al., 1992), lectins (Olafsen, 1995; Leclerc, 1996) and antimicrobial peptides 
(Hancock et at., 2006; Li et al., 2007). 
The hydrolytic enzyme alkaline phosphatase (EC 3.1.3.1) participates in the 
degradation and breakdown of invading non-self material (Liu et al., 2004) by 
catalysing the hydrolysis of phosphate esters (Georgiades et al., 2003). 
Whilst isoenzymes of AP have been reported in mammals (Moss, 1982) this 
has yet to confirmed in invertebrates, however the presence of AP has been 
reported across various invertebrate groups including echinoderms (Temara 
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et al., 1997a; Temara et al., 1997b; Georgiades et at., 2003) and bivalves 
(Xing et al., 2002; Liu et al., 2004; Xue et al., 2004; Jing et al., 2006). As well 
as being present within bivalve haemocytes, this enzyme is also secreted 
into the plasma as part of the organism's immune response (Cheng and 
Rodrick, 1975; Gestal et at., 2008). The bivalves Ruditapes philippinarum 
and Scrobicularia plana exhibited a reduction in AP activity following Hg 
exposure (Blasco et al., 1993; Mazorra et al., 2002). Metal exposure also 
affected AP activity in the asteroid Asterias rubens, with 50 pg 1-1 Pb 
significantly inhibiting AP (Temara et at, 1997a). This inhibition of A. rubens 
AP activity was also demonstrated in organisms from areas of a fjord 
contaminated with metals, PAHs and PCBs (Temara et al., 1997b). 
1.3.2.3 Host resistance 
The ability of an organism to resist bacterial infection is a key factor in 
disease incidence. Most studies on invertebrate host resistance use Vibrio 
spp. as the bacterial inoculum which is injected into the test species. 
Clearance of these injected bacteria is then used as a measure of an 
organism's susceptibility to infection. These bacterial challenge assays have 
been used across a range of invertebrates including the sea urchin 
Strongylocentrotus purpuratus (Yui and Bayne, 1983), the blue crab 
Callinectes sapidus (Macey et al., 2008), the mussel Mytilus galloprovincialis 
(Canesi et al., 2001; Parisi et al., 2008) and the clam Ruditapes 
philippinarum (Allam et al., 2002). 
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A contaminant-induced reduction in bacterial elimination has been reported 
in the bivalve Mercenaria mercenaria following long-term exposure to the 
organic pollutants pentachiorophenol and benzo(a)pyrene (Anderson et al., 
1981). This increase in bacterial susceptibility was also observed in M. edulis 
as a result of TBT and DBT exposure, with exposed mussels demonstrating 
an impaired ability to clear V. anguillarum from the haemolymph (St-Jean et 
al., 2002b). When challenged with this same bacterium, mussels from 
contaminated field sites also had a reduced capacity to eliminate bacteria 
(Mayrand et al., 2005). 
In addition to impaired bacterial clearance, pollutants have also been 
associated with increased mortalities following a bacterial challenge. 
TBT-exposed oysters, Crassostrea virginica, exhibited significant mortalities 
after being challenged with Perkinsus marinus (Anderson et al., 1996). 
Similar increases in mortality have also been reported for M. edulis 
challenged with Vibrio spp. after exposure to copper (Pipe and Coles, 1995) 
and untreated sewage (Akaishi et al., 2007). These studies clearly 
demonstrate that contaminant-induced changes in immune function can 
compromise host resistance to bacterial infection, and this could be related 
to disease outbreaks in polluted areas. 
1.4 Scallops as a test organism 
The Arctic Scallop, Chlamys islandica (Figure 1.3a), is a bivalve mollusc 
distributed throughout the sub-Arctic transitional zone of the North Atlantic 
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(Thorarinsdöttir, 1993) from Spitsbergen in the north (Wiborg, 1963) to near 
Bergen (Greve and Samuelsen, 1970). It is the northernmost species of 
family Pectinidae, and was previously exploited on a large scale in Iceland, 
Greenland and Norway (Shumway and Parsons, 2006). The Great Scallop 
Pecten maximus (Figure 1.3b), also commercially important for fisheries and 
aquaculture, is largely found around France and the British Isles, but also 
occurs along the European Atlantic from the Iberian Peninsula to northern 
Norway (Marshall and Wilson, 2008). This temperate scallop occurs in 
regions of oil activity and, with increasing sea temperatures, the limit of its 
northern distribution may be pushed further into sub-Arctic regions. 
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Figure 13 General anatomy of (a) a female Arctic Scallop. Chlamys islandica and (h) the 
hermaphroditic Great Scallop, Pecten maximus. Abbreviations: AM, adductor muscle; DG, 
digestive gland; G, gill; GO, gonad; M, mantle; 0, ovary; T, testis. 
With low metabolic rates, bivalves have a tendency to accumulate pollutants 
in their tissues, with scallops reportedly concentrating toxic compounds to a 
greater extent than other bivalves, including the common sentinel species M. 
edulis (Young-Lai and Aiken, 1986), highlighting scallops as potentially 
valuable biomonitoring organisms. Not only economically valuable, scallops 
4 cm 
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are also an important prey source for other organisms including sea stars 
and crabs, and in the past decade the use of scallops in biological-effect 
studies has increased. The scallop Placopecten magellanicus has been used 
to assess the effects of oil-related discharges and showed that exposure to 
1 mg I-' oil based drilling mud (OBM) caused significant mortalities, whilst 
0.5 mg 1-' OBM and 10 mg 1"1 water-based mud (WBM) reduced somatic 
growth (Cranford et al., 1999). 
Biomarkers have been applied to various scallop species (Table 1.5) to 
assess the effects of contaminants on biological parameters. Oxidative 
stress biomarkers, conducted using Chiamys farreri, demonstrated initial 
stimulation followed by inhibition of the antioxidant enzyme superoxide 
dismutase (SOD) following benzo(a)pyrene and benzo(k)fluoranthene 
exposure (Pan et al., 2005; Pan et al., 2006). In the Arctic Scallop 
C. islandica, reduced TOSC was measured following exposure to 
benzo(a)pyrene (Camus et al., 2002b) and crude oil (Baussant et al., 2009). 
Oxidative stress biomarkers have also been studied in the Antarctic Scallop 
Adamussium colbecki following metal exposure, with 20 pg 1-' copper and 
5 pg 1-1 mercury both reducing the activity of the antioxidant enzymes SOD 
and catalase (Regoli et al., 1998). A. colbecki has also been used as a 
candidate species for neurotoxicity biomarkers following organophosphorus 
exposure (Bonacci et al., 2004). Similarly, the neurotoxic effect of the 
organophosphorus pesticide chlorpyrifos (0.1 ng I-) has been demonstrated 
in the zigzag scallop Euvola ziczac through the inhibition of 
27 
acetylcholinesterase activity (Owen et al., 2002). Immune parameters have 
also been measured in the scallops Agropecten irradians and C. farreri, with 
temperature significantly impacting these biomarkers (Liu et al., 2004). 
Limited field studies have been conducted using scallops as a biomarker test 
organism (bioindicator). The biological impact of a municipal dump discharge 
was investigated using Agropecten gibbus, with significant increases 
observed in DNA damage, metallothionein levels and vitellin-like proteins, 
suggesting that the dump was having a negative impact on organisms in the 
vicinity of the dump site (Quinn et al., 2005). Despite the few biomarker field 
studies conducted with scallops, laboratory studies indicate their potential as 
bioindicators (Regoli et al., 1998; Owen et al., 2002; Camus et al., 2002b). 
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1.5 Conclusions and project rationale 
Oil is now a ubiquitous contaminant throughout the marine environment. With 
increasing oil activities in the Sub-Arctic and Arctic regions, discharges of 
wastes associated with oil extraction and the potential for accidental spills is 
also elevated. Therefore, research into the potential impacts of oil pollution 
on Arctic marine organisms is required. 
As biomarkers offer several advantages over traditional environmental 
monitoring methods, there has been a rapid expansion in their application to 
environmental risk assessment in recent years. Often simple to apply and 
cost-effective, biomarkers provide biological detail that is lacking from 
chemical screening alone. Although community analyses provide an 
indication of the biological impacts of exposure, they are time consuming and 
costly, and generally indicate that higher levels of biological organisation 
have already been impacted and disrupted. Using suites of biomarkers offers 
the benefit of providing an early-warning indicator of such environmental 
stress, providing sufficient time to take action and mitigate impacts at higher 
levels of biological organisation. 
The potential use of immune endpoints in biomonitoring is a positive line of 
research, and the immune competence of an organism has the potential to 
be both a sensitive and ecologically relevant measurement of the impact of 
oil derived chemicals. There is a large body of evidence of the immunotoxic 
properties of environmental contaminants and numerous immune biomarkers 
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have been developed. Despite this, the use of such immune biomarkers in 
Arctic bivalves is deficient, and the Arctic Scallop C. islandica may offer a 
potential sentinel species for this polar region. In addition, the commercially 
important temperate scallop, P. maximus, presently occurs in regions of 
offshore oil production, and with increasing sea temperatures, its northern 
limit may extend further into sub-Arctic regions. The use of scallops as 
biomarker candidates has grown in the last decade, demonstrating their 
potential as sensitive monitoring species. 
1.6 Aims and objectives 
This aim of this research programme was to establish if the immune system 
of the Arctic Scallop Chlamys islandica and the temperate scallop Pecten 
maximus was a sensitive endpoint that could be used to detect the effects of 
oil and oil-related compounds. To achieve this aim, a suite of immune 
parameters was applied to assess immunocompetence. A schematic outline 
of the thesis is given in Figure 1.4 and the research hypotheses tested within 
each chapter are also detailed. 
The main objectives of this research were to 
(i) Develop and validate a range of biomarkers that can be applied to 
both temperate (P. maximus) and Arctic (C. islandica) scallop species 
to assess immune function (Chapter 2). 
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(ii) Provide an understanding of the immunotoxic effects of oil on the 
immune function of C. islandica as a result of: 
a) A low level exposure (Chapter 3) 
b) A simulated oil spill (Chapter 4) 
(iii) Determine the impact of an oil-derived, model PAH on the temperate 
scallop P. maximus (Chapter 5). 
(iv) Establish the effect of PAH exposure on host resistance in 
P. maximus through the use of a: 
(a) pathogen-associated molecular pattern (Chapter 6) 
(b) live bacterial challenge (Chapter 7) 
(v) Determine the ecological relevance of alterations in immune response 
(Chapter 7). 
(vi) Investigate the impact of other oil-related wastes on the immune 
function of P. maximus (Chapter 8). 
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Chapter 1: Introduction 
Chapter 2: Materials and Methods 
Chapter 3: 
Does dispersed oil exposure alter immune function in Arctic scallops? 
-If immunomodulation occurs, is it reversible upon removal of the contaminant stressor? 
Chapter 4: 
Is a simulated oil spill acutely toxic to Arctic scallops? 
Will an acute oil exposure result in oxidative sresss and immunotoxicity? 
Chapter 5: 
Does the model PAH phenanthrene induce immunotoxicity in temperate scallops? 
Is oxidative stress a contributing factor to impaired immune function? 
Chapter 6: 
Does PAH exposure impair the ability of scallop haemocytes to recognise and respond to a 
pathogen-associated molecular pattern? 
Chapter 7: 
- Does PAH exposure increase the bacterial susceptibility of exposed scallops? 
Are alterations in immunopathology reflected by an impaired cell-mediated immune 
response? 
- Are changes in the cellular immune response correlated to host resistance? 
Chapter 8: 
Do other wastes associated with offshore oil production impair immune function in exposed 
ticallopti7 
Chapter 9: General Discussion 
Figure 1.4 Thesis outline and research questions tested in each experimental chapter. 
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Chapter 2 
Materials and methods 
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2 Materials and methods 
2.1 Collection and maintenance of test organisms 
2.1.1 Chlamys islandica 
Arctic Scallops, C. islandica (Figure 2.1a), of 70-100 mm shell length, were 
collected by divers (-30 m depth) from Porsangerfjord, Norway (70°1' N, 
25°1' E) and packed into a polystyrene fish box between two layers of damp 
dense foam, before being transported by air to the exposure facility at 
Stavanger, Norway (58°57' N, 5°43' E) (Figure 2.2). The total transit time did 
not exceed 6h and no mortalities were recorded during transportation. 
Figure 2.1 Test organisms (a) the Arctic Scallop Chlamys islandica and (b) the Great Scallop, Pecten maximus. 
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Upon arrival, organisms were transferred to 600 I fibreglass tanks with a 
continuous flow of 35 PSU filtered seawater (FSW) at 5±1 °C. Scallops 
were maintained in these holding tanks and fed daily (Instant Algae® 
Shellfish Diet) for a minimum of two weeks prior to their transfer into the 
exposure system. 
(58° 
Figure 2.2 Chlamys islandica collection site at Porsanger Fjord and location of exposure facility 
at Stavanger (Norway). 
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Porsanger 
(70°1' N, 25°1' E) 
2.1.2 Pecten maximus 
Unless stated otherwise, all Pecten maximus (Figure 2.1 b), of 90-120 mm 
shell length, were diver-collected (-20 m depth) from Start Bay, Devon, UK 
(50°15'N, 3°37'E) (Figure 2.3) and obtained through Britannia Shellfish Ltd. 
Scallops were transported to the exposure facility at Plymouth in cool boxes 
of aerated seawater, with a maximum transit time of 1 h. No mortalities were 
recorded during transportation. Upon arrival, the animals were held in 50 
tanks containing 10 pm carbon filtered aerated seawater (FSW; 15 ±1 °C, 
34 PSU). Water changes were carried out every 2 days and animals were 
fed three times a week using the algal concentrate Isochyrsis (Instant 
Algae®). Scallops were maintained in the holding tanks (-15 animals per 
tank) for at least two weeks prior to transfer into the exposure system. 
ýý 
Start Bay 
50°15' N, 3°37' E 
Figure 2.3 Pecten maximus collection site at Start Bay, Devon (UK). 
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2.2 Biological analyses 
2.2.1 Haemolymph extraction and sample preparation 
Haemolymph (-0.8 ml) was extracted from the striated region of the adductor 
muscle (Figure 2.4) using a 21 gauge needle (external diameter 0.8 mm). 
The samples were transferred to a siliconised microcentrifuge tube and 
stored on ice (or at -80 °C where stated) until analysis. For the total 
glutathione assay requiring haemocyte lysate, haemolymph samples were 
centrifuged at 200 xg for 5 min (4 °C). The supernatant was removed and 
the cells re-suspended in physiological saline (0.02 M HEPES, 0.4 M NaCl, 
0.1 M MgSO4,0.01 M KCI, 0.01 M CaCl2; pH 7.4) and the haemocytes then 
lysed through sonification (30% duty cycle, 3x 15 s; Ultrasonic Processor 
W-385, Heat Systems Ultrasonics, USA) in an ice bath and stored at -80 °C 
until analysis. 
Figure 2.4 Location of the adductor muscle in Chlamys islandica from which haemolymph was 
extracted. 
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2.2.2 Condition index 
After haemolymph collection, scallop dimensions were recorded (length, 
height, width) and soft tissue removed. The tissue wet weight was recorded, 
before and after drying at 60 °C for 18 h, and the condition index (CI) 
calculated: 
Cl = 
tissue dry weight (g) 
x 100 
shell length (mm) 
2.2.3 Protein concentration 
Plasma protein concentration was determined using a modified microplate 
method of Bradford (1976). Briefly, diluted haemolymph samples (1: 3 
physiological saline) were transferred in 5 pl aliquots to a microplate. Five pl 
aliquots of a blank (physiological saline) and 5 pl protein standards 
(0.2-1.0 mg ml"' bovine serum albumin) were added in triplicate. Two 
hundred pl of diluted BioRad reagent (1: 5 distilled water) was added to each 
well and the absorbance (595 nm) recorded after 20 min incubation at 20 °C. 
2.2.4 Immunopathology 
2.2.4.1 Total haemocyte count 
Immediately after extraction, haemolymph samples were diluted 1 in 4 with 
Baker's formol calcium (BFC: 2% sodium chloride, 1% calcium acetate, 4% 
formaldehyde), to fix cells and prevent cell aggregation. Total haemocyte 
counts were carried out using an Improved Neubauer haemocytometer under 
x 40 magnification. 
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2.2.4.2 Cell membrane stability 
The membrane stability of haemocytes was assessed by measuring the 
retention of Neutral Red (NR) dye (Babich and Borenfreund, 1992). 
Undiluted haemolymph samples (50 pl) were pipetted in triplicate onto a 
microplate. After 45 min incubation at 4 °C, non-adhered cells were removed 
by rinsing with physiological saline and 200 pl aliquots of NR solution 
(0.004% in physiological saline) were added to each well. After a3h 
incubation at 4 °C, excess NR solution was removed by rinsing with 
physiological saline, and 200 pl of acidified ethanol (1% acetic acid, 49% 
ethanol) was added to breakdown cellular membranes and resolubilise the 
dye. The optical density (OD) of the NR dye was measured 
spectrophotometrically at 550 nm and expressed as a function of protein 
content. 
Validation of cell membrane stability 
The PAH benzo(a)pyrene (BaP), a known mammalian immunosuppressant, 
is highly toxic and inhibits immune function in many invertebrate species 
(Gomez-Mendikute et al., 2002; Gopalakrishnan et al., 2009; Matozzo et al., 
2009). Therefore, the NR assay was validated using BaP (0-10 pg ml-) as a 
model in vitro toxicant for both P. maximus and C. islandica. Exposure 
concentrations were based on previously published values reported to be 
sublethal to bivalve haemocytes for in vitro exposures (Gomez-Mendikute et 
al., 2002). Validation was conducted as shown in Figure 2.5 with an in vitro 
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exposure of haemolymph to BaP followed by the determination of cell 
membrane stability. 
There was no significant difference in the cell membrane stability between 
the two scallop species tested (F1 
, 31 = 
1.82, P=0.190), however, BaP 
exposure significantly reduced cell membrane stability in both species at all 
concentrations tested (Figure 2.6; F3331 = 18.35, P<0.001). 
Haemolymph extracted 
from 4 individuals 
200 µI pipetted into 
siliconised Eppendorfs 
50 µI of BaP solution 
added (0.1,1,10 µg ml 
30 min incubation on ice 
immune endpoint 
determined 
25 Experiment3! f, roccdure for in vitro validation of irno urro endpoints in Pecten 
maximus and Chlamys islandica. 
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Figure 2.6 Cell membrane stability in Pecten maximus and Chlamys islandica exposed to 
benzo(a)pyrene (BaP) in vitro. Values displayed are means ±I SE (n = 4). Significant 
differences (P < 0.05) from the control for P. maximus (A) and C. istandica (*) are indicated. 
2.2.5 Mechanisms of immunity 
2.2.5.1 Phagocytosis 
Phagocytic activity of haemocytes was assessed by measuring the uptake of 
NR-stained heat-stabilised zymosan particles from Saccharomyces 
cerevisiae (Pipe et al., 1995). Haemolymph samples were pipetted in 
triplicate onto a microplate, with a further 50 pl of cell suspension added to 
three wells to act as negative controls. After 50 min incubation at 4 °C, 100 NI 
of BFC was added to the negative controls to kill the cells, and the microplate 
re-incubated at 4 °C for a further 10 min. Non-adhered cells were removed 
by rinsing with physiological saline (100 pl x 2), before adding 50 pl of dyed 
zymosan suspension (50 x 10' particles ml-) to each well. The microplate 
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0 0.1 1 10 
[BaP] pg ml-1 
was incubated for 30 min at 20 °C, after which 100 pl BFC was added to fix 
the cells and stop the reaction. Excess zymosan suspension was removed 
by rinsing with physiological saline (until negative controls were clear) and 
100 pl acidified ethanol was added to solubilise the dye before recording the 
absorbance at 550 nm. Phagocytosis of zymosan particles by haemocytes 
was determined against a standard curve constructed by using zymosan 
standards ranging from 1.56 to 50 (x 107) particles ml-1, and expressed as a 
function of protein content. 
Validation of phagocytosis assay 
For both P. maximus and C. islandica, the immunosuppressant BaP was 
used to validate the phagocytosis assay. An in vitro exposure was conducted 
at sublethal BaP concentrations in the range of 0-10 pg ml-' (G6mez- 
Mendikute et al., 2002). After haemolymph extraction, in vitro BaP exposure 
was carried out (Figure 2.5) and the phagocytic activity determined. 
There was no significant difference in phagocytic activity between the two 
scallop species tested (F1331 =1 . 00, P=0.328), however, 1 pg ml-' and 
10 pg ml-' BaP significantly reduced phagocytosis in both P. maximus and 
C. islandica (Figure 2.7; F3,31 = 9.98, P<0.001). 
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Figure 2.7 Phagocytic activity in Pecten maximus and Chiamys islandica haemocytes exposed 
to benzo(a)pyrene (BaP) in vitro. Values displayed are means t1 SE (n = 4). Significant 
differences (P < 0.05) from the control for P. maximus (A) and C. islandica (') are indicated. 
2.2.5.2 Cytotoxic ability 
The ability of haemocytes to lyse target mammalian erythrocytes was used 
as a measurement of cytotoxicity (Raftos and Hutchinson, 1995; Rickwood 
and Galloway, 2004). Haemolymph samples were extracted and diluted to a 
concentration of 2x 106 cells ml-' in physiological saline. One ml of sheep 
erythrocytes (TCS Biosciences Ltd, UK) was centrifuged at 200 xg for 5 min 
before being resuspended in phosphate buffered saline (PBS). The 
suspension was centrifuged again and a cell pack volume of 125 pl was 
resuspended in 1 ml of PBS, this was further diluted with 15 ml of 
Tris-buffered saline. Triplicate 100 pl samples of diluted haemolymph were 
pipetted into round-bottomed microplates, along with duplicate controls of 
100 pi PBS (for spontaneous release) and 100 pl PBS with 2 pl of 2% 
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Triton-X100 (for maximum release). One hundred pl of the erythrocyte 
suspension was added to each well and the plate was incubated at 25 °C for 
1 h. After centrifuging the plate at 100 xg for 10 min the supernatant was 
transferred to a flat-bottomed microplate and the percentage lysis was 
determined by measuring the haemoglobin released into the supernatant by 
reading its absorbance at 405 nm. The cytotoxicity was expressed as a 
percent lysis relative to the maximum release observed using PBS with 
Triton-X100 and normalised for spontaneous release. 
Validation of cytotoxic ability 
Cytotoxic ability in P. maximus and C. islandica was validated using a 
sublethal in vitro BaP exposure (Figure 2.5). After 30 min incubation with 
BaP (0-10 pg ml"'), the cytotoxic ability of the haemocytes was determined. 
There was no significant difference in the cell membrane stability between 
the two scallop species tested (F1331 = 0.39, P=0.536). In vitro exposure to 
1 pg ml-' and 10 pg ml"' BaP significantly reduced the cytotoxic ability in 
C. islandica, whilst this was only inhibited in P. maximus from the highest 
BaP exposure of 10 pg ml-' (Figure 2.8; F3331 = 5.76, P<0.005). 
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Figure 2.8 Cytotoxic ability of haemocytes from Pecten maximus and Chlamys islandica 
exposed to benzo(a)pyrene (BaP) in vitro. Values displayed are means :tI SE (n = 4). Significant 
differences (P < 0.05) from the control for P. maximus (A) and C. islandica (*) are indicated. 
2.2.5.3 Alkaline phosphatase 
Alkaline phosphatase (EC 3.1.3.1) activity was measured in the plasma 
obtained by centrifuging 150 pl of haemolymph at 200 xg for 5 min (4 °C). 
The supernatant was transferred onto a microplate in 40 pl aliquots and 
180 pl of the liquid substrate p-nitrophenyl phosphate (pH 10) was added to 
each well. Following 20 min incubation at 20 °C, the absorbance was read at 
405 nm and activity expressed as A abs x 100 mg-1 protein. 
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Validation of the alkaline phosphatase assay 
The alkaline phosphatase (AP) assay was validated using BaP (0-10 pg ml-) 
as a model toxicant for an in vitro exposure with P. maximus and C. islandica 
(Figure 2.5). Following the 30 min in vitro exposure, AP activity was 
determined in the cell-free haemolymph. There was no difference in the AP 
activity between the two scallop species tested (F1,31 = 0.54, P=0.471); 
however, in vitro exposure to 10 pg ml-1 BaP significantly reduced AP activity 
in both P. maximus and C. islandica (Figure 2.9; F3331 = 4.12, P<0.05). 
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Figure 2.9 Alkaline phosphatase (AP) activity in Pecten maximus and Chlamys islandica 
exposed to benzo(a)pyrene (BaP) in vitro. Values displayed are means t1 SE (n = 4). Significant 
differences (P < 0.05) from the control for P. maximus (A) and C. islandica (*) are indicated. 
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2.2.6 Host resistance 
2.2.6.1 Bacterial clearance 
Baseline bacteria levels in test organism 
The baseline levels of bacteria present in the test organisms were 
determined prior to experimental use. Haemolymph was extracted as 
described in section 2.2.1, and 100 pl was plated out in triplicate onto marine 
agar (84% FSW, 14% dH2O, 0.5% peptone, 0.1% yeast extract, 0.3% 
glycerol, 1.2% agar; pH 7.3). After 48 h incubation at 20 °C, the numbers of 
colony forming units (CFUs) were counted (Gerhardt et al., 1981). Low 
baseline levels of bacteria were counted with a mean level of 0.5 x 103 CFU 
ml-' haemolymph (n = 5). This is similar to background levels reported in the 
oyster Crassostrea gigas, which were in the range of 0.14-0.56 x 103 CFU 
ml-' haemolymph (Olafsen et al., 1993). 
Preparation and growth of Vibrio pectenicida 
A conical flask containing 50 ml of marine salts broth (85% FSW, 14% dH2O, 
0.5% peptone, 0.1% yeast extract, 0.3% glycerol; pH 7.3) was inoculated 
with freeze dried Vibrio pectenicida culture 13510 (NCIMB, Scotland) and 
incubated overnight at 20 °C. When a culture is grown on after being freeze 
dried this can result in an extended lag phase in the bacterial growth, 
therefore, 500 pl of this liquid culture was used to inoculate 50 ml of marine 
salts broth and grown overnight, and this process was repeated a further 2 
times. 
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In order to determine when the bacteria reach the exponential growth phase, 
a standard curve for the growth of V. pectenicida was constructed. For this, 
500 pl of the liquid culture was incubated in 50 ml of marine salts broth at the 
optimal temperature of 20 °C. This culture was sampled every hour and the 
absorbance at 600 nm was determined, identifying the initial lag phase in 
bacterial growth (Figure 2.10a). For sampling time points after the lag 
phase, 10 pl was pipetted in triplicate on to marine salts agar and the number 
of CFUs counted after 48 h incubation at 20 °C. It was determined that 1 Abs 
unit (at 600nm) represents 8x 108 CFU ml-1 during exponential growth 
(Figure 2.1Ob). 
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Figure 2.10 (a) Lag phase and exponential growth of Vibrio pectenicida at 20°C and (b) standard 
growth curve, where Abs600 =1 is equivalent to 8x 108 bacteria ml 
1. 
Bacterial challenge 
Prior to use, V. pectenicida was grown for 5-7 h at 20 °C to ensure it was in 
the exponential growth phase (Figure 2.10a). A5 ml sample of the liquid 
culture was then centrifuged for 10 min (500 x g) and adjusted to 108 
bacteria ml-' using molluscan physiological saline (according to Abs600 = 1, 
which is equivalent to 8x 108 bacteria ml-1). Live scallops were inoculated 
with V. pectenicida through the injection of 100 NI (107 bacteria) into the 
adductor muscle using a 21 gauge needle. 
Clearance rate of V. pectenicida 
To determine the appropriate haemolymph sampling time after bacterial 
injection, a time course for the clearance of V. pectenicida from the 
haemolymph was established. Five animals were challenged with an 
injection of V. pectenicida and returned to their individual tanks. 
Haemolymph (100 pl) from each organism was sampled at a range of time 
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points over the following 48 h, and 10 pl serial dilutions were transferred in 
triplicate onto marine agar plates. Following 48 h incubation at 20 °C, the 
number of CFU was then counted (Figure 2.11). There was an initial 
increase in the haemolymph bacteria content with the highest concentration 
recorded 1h after injection (5.58 x 105 bacteria ml"'). The bacterial content 
was significantly reduced 24 h post-challenge (F7339 = 3.51, P<0.01) with the 
bacterial load reduced by more than 50% (Figure 2.12). As there was no 
further clearance of bacteria beyond the 24 h sampling point up to the end of 
the time course, 24 h post-injection was chosen as the haemolymph 
sampling point when conducting the bacterial clearance assay. This 24 h 
incubation period was sufficient to allow significant clearance of bacteria 
(Figure 2.12), but ensured good water quality was maintained in exposure 
tanks. 
Figure 2.11 Marine agar spread plates of Vibrio pectenicida colony forming units (CPUs) from 
serial dilutions of triplicate 10 NI Pecten maximus haemolymph samples after a bacterial 
challenge. 
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Figure 2.12 Bacterial clearance in Pecten maximus haemolymph following a bacterial injection. 
Values displayed are means ±1 SE (n = 5). 
2.2.7 Oxidative stress 
2.2.7.1 Total glutathione 
Determination of total glutathione as an indication of a peroxidative challenge 
was conducted based on a cyclic reduction assay (Owens and Belcher, 
1965). Haemolymph lysate samples (80 pl) were thawed on ice before 
adding 80 pl DTNB solution (10 mM DTNB, 100 mM KH2PO4,5 mM EDTA). 
Aliquots of 40 pl DTNB-treated samples were transferred to a microplate and 
210 pl of glutathione reductase solution (2.06 U ml-' glutathione reductase, 
100 mM KH2PO4,5 mM EDTA; pH 7.5) was added. After allowing samples to 
equilibrate for 1 min. 60 pl of 1 mM NADPH was added to start the reaction, 
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and the change in absorbance measured kinetically at 405 nm for 10 min. 
Concentrations of total glutathione were determined against a 40 pM GSH 
standard, and expressed per mg protein. 
Validation of the total glutathione assay 
The measurement of total glutathione was validated using an in vitro 
exposure with H202 (Figure 2.13) at concentrations sublethal to bivalve 
haemocytes in vitro (Cheung et al., 2006). Following a 30 min incubation with 
0-100 pM H202, haemocyte lysate was prepared as described previously 
(section 2.2.1) and total glutathione was determined. There was a significant 
difference in total glutathione between the two scallop species tested (F131 = 
6.08, P<0.05), with C. islandica generally having a higher total glutathione 
content than P. maximus (Figure 2.14). In addition, in vitro exposure to 
10 pM and 100 pM H202 significantly reduced the glutathione content in 
P. maximus compared to the control, whilst glutathione content in 
C. islandica was only reduced in the highest H202 exposure group of 100 pM 
(F3331 = 10.02, P<0.001). 
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Figure 2 13 Experimental procedure for the in vitro validation of oxidative stress in Pecten 
maximus and Chlamys islandica. 
20 
C 
a) 
Ö 
ä 
E 
ö 
E 
c 
a) c 
0 
la 
OI 
Co 
Ö 
15 
10 
0 
H202 (NM) 
Q P. maximus 
Q C. islandica 
Figure 2.14 Total g! utathione in Pecten maximus and Chlamys islandica haemocytes exposed 
to H202 in vitro. Values displayed are means ±1 SE (n = 4). Significant differences (P < 0.05) 
from the control for P. maximus (A) and C. islandica (*) are indicated. 
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2.2.7.2 Lipid peroxidation 
Oxidative damage in the form of haemocyte lipid peroxidation (LPO) was 
assessed using a microplate method of the thiobarbituric acid reacting 
substances (TBARS) assay (Camejo et al., 1999). Haemolymph samples 
were thawed on ice and transferred in 40 pl aliquots onto a microplate 
containing 10 pi BHT (1 mM 2,6-di-tent-butyl-4-methyl phenol in absolute 
ethanol) to prevent further LPO. One hundred pI of extraction buffer (20 mM 
Tris-chloride, 0.15 M KCI, 0.5 M sucrose, 1 mM EDTA; pH 7.6) was added to 
each well, followed by 50 pl TCA solution (50% w/v trichloroacetic acid) and 
75 pI TBA solution (1 % w/v thiobarbituric acid in 50 mM NaOH). After 60 min 
incubation at 60 °C, the plate was cooled on ice and the absorbance of the 
malondialdehyde equivalents (MDAe) at 530 nm recorded. Results were 
determined against a standard curve using 1,1,3,3-tetraethoxypropane (0-24 
NM), and expressed per mg protein. 
Validation of the lipid peroxidation assay 
The measurement of LPO in P. maximus and C. islandica was validated 
using H202 (0-100 NM) as a model toxicant (Figure 2.13) and was measured 
following an in vitro exposure. There was no significant difference in LPO 
between the two scallop species tested (F1,31 = 0.01, P=0.904); however, in 
vitro exposure to 10 and 100 pM H202 significantly increased the levels of 
LPO in both P. maximus and C. islandica (Figure 2.15; F3331 = 12.75, P< 
0.001). 
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Figure 2.15 Lipid peroxidation (LPO) in Pecten maximus and Chlamys islandica haemocytes 
exposed to H202 in vitro. Values displayed are means ±1 SE (n = 4). Significant differences 
(P < 0.05) from the control for P. maximus (A) and C. islandica (*) are indicated. 
2.2.8 Histology 
Following haemolymph extraction, the gonad was dissected out of the test 
organism and fixed in 10 % formalin. The samples were transferred to 
cassettes and dehydrated as described in Table 2.1 before embedding in 
paraffin. The tissues were cut into 7 pm sections and stained with 
hematoxylin and eosin (H & E) using a Leica AutoStainer XL. 
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Table 2.1 Histological preparation of tissue samples 
Stage Treatment' Duration 
Dehydration 70% alcohol overnight 
90% alcohol 2h 
Industrial methylated spirit 2h 
Absolute alcohol 2h 
Absolute alcohol overnight 
Clearing Histoclear 1h 
Histoclear 0.5 h 
Histoclear 0.5 h 
Infiltration Paraffin 1h 
Paraffin 0.5 h 
In cases where the subsequent solution was identical, each transfer was made into a fresh 
solution. 
2.3 Chemical analyses 
2.3.1 PAH analysis 
Water samples from oil exposure tanks were collected for PAH analysis. 
Samples were collected in 2I amber bottles containing hydrochloric acid to 
maintain the pH <2 and prepared for analysis within 48 h of collection. The 
16 PAHs on the US EPA Priority Pollutant List (Table 2.2) were measured 
along with the alkyl homologues of naphthalene, chrysene, dibenzophiothene 
and phenanthrene/anthracene. Eight deuterated PAHs (naphthalene-d8, 
phenanthrene-d10, dibenzothiophene-d8, fluoranthene-d10, pyrene-d10, 
chrysene-d12, benzo(a)pyrene-d12 and dibenzo(a, h)anthracene-d14) were 
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added to the sample as quantitative internal standards (QIS) and mixed on a 
magnetic stirrer for 15 min. Liquid-liquid extraction was then carried out by 
stirring the sample and solvent on a magnetic stirrer for 30 min before 
pouring through a2I separating funnel. The water phase was drained back 
into the sampling flask and extracted a further two times. Combined extracts 
were dried with anyhydrous NaSO4, concentrated to 0.5 ml using a 
TurboVap 500 (Zymark Corporation, USA) and transferred to glass vials for 
analysis. Water chemistry PAH analysis was conducted using Gas 
Chromatography (HP5890, Hewlett Packard, USA) connected to a Mass 
Spectrometer (Finnigan SSQ7000, USA) and analysed in selected ion 
monitoring mode (GC/MS-SIM). 
Where the PAH body burden of scallops was determined, whole tissue 
homogenate of 3 individuals was used. Each individual was opened and 
drained of seawater prior to the removal of all soft tissue. Whole body tissue 
was macerated using cyclohexane rinsed scissors and transferred to a glass 
vial pre-treated at 500 °C with Teflon Lock © and stored at -80 °C. Before 
analysis, scallop tissue was weighed and three quantitative internal 
standards were added before saponification with methanolic sodium 
hydroxide under reflux (2 h). Digest was then filtered and extracted three 
times with cyclohexane. Combined extracts were purified by normal-phase, 
solid-phase extraction, concentrated to 0.5 ml and analysed using GC/MS 
(HP5890 GC, Hewlett Packard USA; Finnigan SSQ7000 MSD, USA). 
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Table 2.2 Polycyclic aromatic hydrocarbons (PAHs) on the US EPA priority pollutant list. Details 
of the molecular weight, the method detection limit (MDL) and Toxic Equivalency Factor (TEF) 
are also given. 
PAH Molecular 
weight (g) 
MDL 
(µg F) 
TEF (Nisbet and 
LaGoy, 1992) 
Naphthalene 128.2 0.005 0.001 
Acenaphthylene 152.2 0.005 0.001 
Acenaphthene 154.2 0.005 0.001 
Fluorene 166.2 0.005 0.001 
Phenanthrene 178.2 0.005 0.001 
Anthracene 178.2 0.005 0.01 
Fluoranthene 202.3 0.005 0.001 
Pyrene 202.1 0.005 0.001 
Benzo(a)anthracene 228.3 0.005 0.1 
Chrysene 228.3 0.005 0.01 
Benzo(b, j)fluoranthene 252.3 0.005 0.1 
Benzo(k)fluoranthene 252.3 0.005 0.1 
Benzo(a)pyrene 252.3 0.005 1 
Indeno(1,2,3-cd)pyrene 276.3 0.01 0.1 
Benzo(g, h, i)perylene 276.4 0.01 0.01 
Dibenzo(a, h)anthracene 278.3 0.01 1 
2.3.2 Phenanthrene analysis 
Water samples were collected in 11 amber Duran bottles and extracted 
through liquid-liquid extraction with 5 ml cyclohexane. Each extraction was 
carried out by mixing the sample and solvent through inversion and passed 
through a1I separating funnel. The water phase was drained back into the 
sampling flask and extracted a further two times. Combined extracts were 
dried with anhydrous NaSO4, concentrated under nitrogen to 0.5 ml using an 
1870 Pierce Reacti-VAPTMIII (Rockford, USA) and analysed using GC/MS 
(HP5890 series II GC, HP5970 MSD Hewlett Packard, USA). 
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2.3.3 Metal analysis 
Preparation of ilmenite drilling mud for metal analysis involved acid digestion 
of the sample with 20 ml of 7M HNO3 at 120 °C for 30 min. Scallop tissue 
samples (gill and gonad) were also analysed for metal content. Following 
dissection, approximately 1g of each tissue was placed in a Teflon vessel 
and digested with 5 ml of 15 M HNO3 and 1 ml of 9M H202 at 120 °C for 
30 min. After digestion, indium was added (5 pg 1"1) to act as an internal 
standard, and metal content analysed using inductively coupled plasma 
mass spectrometry (ICP-MS: VG PlasmaQuad 2+, Fisons Elemental, UK). 
2.4 Use of a solvent carrier 
Exposure of aquatic organisms to hydrophobic contaminants requires the 
use of a solvent vehicle, and it has been recommended that the maximum 
solvent dose should not exceed 100 pl 1-' (OECD, 2000). Phenanthrene used 
in the exposure of P. maximus was dissolved in DMSO (dimethyl 
sulphoxide). The final concentration of DMSO did not exceed 0.01 % of the 
total tank volume in accordance with the OECD guidelines. 
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2.4.1 Toxicity of solvent carrier 
With recent reports that solvents may affect aquatic organisms (Hutchinson 
et al., 2006), a pilot study was conducted to ascertain the impact of DMSO 
on the measurement of immune and oxidative stress endpoints in the test 
organism P. maximus. Twenty scallops were subjected to a FSW or DMSO 
(0.01 % total water volume) treatment for 7 d, before haemolymph was 
extracted and immune response and oxidative stress measures were 
conducted (Figure 2.16). No obvious effect was noted in either immune 
function or oxidative stress following exposure to 0.01 % DMSO (Figure 
2.17), 
20 scallops divided into 6I aerated tanks 
(1 animal per tank) of filtered seawater 
Organisms subjected to treatment: 
filtered seawater control (FSW) n=10 
or 
0.01'% solvent control (L)MSO) n-10 
Static renewal of exposure tanks 
conducted every 24 P 
After 7 day exposure, haemolymph was 
extracted and biological endpoints 
measured 
Figure 2.16 Experimental procedure to assess the toxicity of the solvent carrier dimethyl 
sulphoxide (DMSO) to the test organism Pecten maximus. 
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Figure 2.17 Biological responses of Pecten maximus to a7 day 0.01 % dimethyl sulphoxide 
(DMSO) exposure: (a) total haemocyte count (THC), (b) cell membrane stability, (c) phagocytic 
activity, (d) total glutathione concentration and (e) lipid peroxidation (LPO). Values displayed 
are means ±1 SE (n = 10) and one-way ANOVA results are also detailed. 
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F1,19=0.06, P=0.816 
2.5 Statistical analyses 
All results in figures throughout the thesis are expressed as mean values ±1 
standard error. Statistical analyses were conducted using Statgraphics 5.1 
(StatPoint Technologies Inc, USA). Data sets were checked for homogeneity 
of variance and univariate analysis was performed using ANOVA (unless 
otherwise stated). Post-hoc pairwise comparisons were carried out (Fisher's 
LSD) to identify where significant differences occurred at or above the 95 % 
confidence level (associated probability < 0.05). 
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Chapter 3 
Immune function in the Arctic Scallop, 
Chlamys islandica, following dispersed oil 
exposure 
Results from this chapter have been presented at the Arctic Frontiers 2008 
Scientific Conference, Tromso, Norway, Jan 2008 (poster presentation and 3 
minute platform presentation) and the Marine Institute Conference 2007, 
Plymouth, UK, Dec 2007 (awarded best platform presentation). The results 
have also been published in Aquatic toxicology, 92,187-194 (Hannam et al., 
2009). 
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3 Immune function in the Arctic Scallop, Chlamys islandica 
following dispersed oil exposure 
3.1 Introduction 
With large quantities of oil entering marine systems from global offshore oil 
production, oil is a ubiquitous contaminant throughout the marine 
environment (GESAMP, 2007). Although methods of monitoring and 
assessing the impacts of oil on the coastal environment have been reported, 
most work has focused on the impact on temperate species (Laffon et al., 
2006; Francioni et al., 2007; Culbertson et al., 2008; Hylland et al., 2008). 
With the expansion of oil exploration in Arctic and Sub-Arctic regions, notably 
the Barents Sea and the North Alaskan Slope (AMAP, 1998), there is an 
urgent need to develop methods to assess the potential impact of oil on 
Arctic species. 
The ecological impact of oil in cold-water environments may vary from those 
observed in temperate and tropical regions as a result of environmental and 
biological factors characteristic of the Arctic environment. Cold-water marine 
invertebrates have reduced respirations rates (Ahn and Shim, 1998), altered 
cell membrane composition (Gillis and Ballantyne, 1999) and increased 
antioxidant defences (Regoli et al., 2000) compared to those from temperate 
regions. Although these adaptations enable them to survive at low 
temperatures, the same features may influence their susceptibility to oil- 
induced damage. 
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Whilst oil can be acutely toxic to marine organisms, disruptions in essential 
homeostatic mechanisms, such as the immune system, can also occur as a 
result of sublethal exposures (Pipe et al., 1999). Due to its complexity and 
integration with other physiological systems, the immune system is extremely 
vulnerable to xenobiotic stress (Galloway and Goven, 2006). A severely 
compromised immune system can result in rapid mortality, however, subtle 
changes in its function can be used as early-warning indicators of 
environmental stress and, therefore, immune function is important in 
assessing the sublethal effects of contaminant exposure (Luengen et al., 
2004). 
Bivalves are good candidates for immunotoxicology studies and have been 
studied widely (Pipe et al., 1999; Canesi et al., 2003; Wootton et al., 2003b; 
Cartier et al., 2004; Gagnaire et at, 2004; Auffret, 2005; Ordäs et al., 2007). 
The Arctic Scallop, Chiamys islandica, is the northernmost member of family 
Pectinidae distributed widely throughout the Sub-Arctic transitional zone of 
the North Atlantic (Thorarinsdöttir, 1993) and has been successfully used in 
previous biomarker studies focusing on oxidative stress (Camus et al., 
2002b). The aim of this study was to test the hypothesis that dispersed oil 
exposure may alter immune function in the Arctic Scallop C. islandica and, if 
immunomodulation occurs, to determine if it is reversible. 
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3.2 Materials and methods 
3.2.1 Experimental design 
In March 2007, Arctic Scallops, Chlamys islandica, were collected from 
Porsanger Norway, and transported by air to the exposure facility at IRIS- 
Akvamiljo in Stavanger, Norway (Section 2.1.1). In the laboratory, scallops 
were acclimated to laboratory conditions (Section 2.1.1) for 6 weeks prior to 
experimentation. 
Scallops were exposed to dispersed Ekofisk crude oil in a continuous flow 
system (4 I min-', checked daily) to maintain the dispersion of oil in 
seawater, as described by Sanni et al. (1998). Crude oil stock was placed in 
the top section of a glass cylinder. Water was pumped into the lower section 
of the cylinder, pushing the piston upwards and thereby pumping oil into the 
flow of FSW (Figure 3.1). This dispersed oil was carried through capillary 
Teflon tubing (0.5 mm) to a header tank (5 mg 1-1) and delivered to exposure 
tanks using peristaltic pumps to achieve the required nominal concentrations. 
Scallops were divided between three 600 I fibreglass tanks (-60 per tank) 
comprising 3 treatments: FSW control, low (0.06 mg I-') and high 
(0.25 mg I-1) dispersed oil. Based on the OSPAR discharge limit of 30 mg 1-' 
oil in produced water (PW) (OGP, 2006), the oil concentrations tested here 
(0.06 and 0.25 mg I"') represent 120-500 x dilutions of the maximum 
permissible level of oil in PW, and are comparable to the observed effect 
concentrations reported form previous studies using dispersed oil exposures 
(Baussant, 2004; Larsen, 2004). Scallops were exposed for up to 15 d; this 
67 
exposure time was selected based upon earlier studies reporting significant 
sub-lethal effects in temperate bivalve species (Mytilus edulis) following 
exposure to dispersed oil (Aas et al., 2002) and produced water (Hannam et 
al., 2009b). Exposures were maintained at 4±0.5 °C and scallops were fed 
daily using the microalgae concentrate, Shellfish Diet (Instant Algae ®). 
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Figure 3.1 Principle of the continuous flow system (CFS) for dispersing oil in seawater. 
3.2.2 Chemical measurements 
Chemical (PAH) analyses were carried out on water samples taken from 
each exposure tank after 24 h and 7d from the start of the exposure. In 
addition, PAH body burdens were determined in scallops from each 
treatment after 15 d exposure. The 16 PAHs on the US EPA priority pollutant 
list were measured together with the alkyl homologues of naphthalene, 
chrysene, dibenzophiothene and phenanthrene/anthracene using GC/MS 
(Section 2.3.1). 
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3.2.3 Biological measurements 
From each treatment, ten scallops were sampled after 7 and 15 d exposure, 
and remaining scallops were transferred to clean FSW for 7 d. After this 7- 
day recovery period, a further 10 scallops were sampled from each treatment 
group. Haemolymph was extracted from the adductor muscle (Section 2.2.1), 
and total haemocyte counts (Section 2.2.4.1), protein concentration (Section 
2.2.3) and cell membrane stability (Section 2.2.4.2) was determined, 
alongside phagocytic (Section 2.2.5.1) and alkaline phosphatase activity 
(Section 2.2.5.3) in order to assess immune function. All assays on 
haemolymph samples were conducted in triplicate and absorbances 
determined using a Labsystems Multiskan RC microplate reader 
(Labsystems, USA). 
3.2.4 Statistical analyses 
Immune parameters were measured in 10 individuals from each treatment 
group at each time point, with results expressed as mean values ±1 SE. 
Univariate analyses were carried out using two-way ANOVA; tests were 
performed on each immune parameter to determine significant differences 
due to interactions (treatment x time) or main factors (treatment and time). 
Where differences occurred at, or above, the 95% confidence level, post-hoc 
pairwise comparisons were also conducted. 
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3.3 Results 
3.3.1 Chemical measurements 
Whilst the nominal concentrations of dispersed oil were 0.06 and 0.25 mg 1-1, 
the average FPAHs measured in the exposure tanks were 4.2 x 10-4 and 
2.4 x 10"3 mg 1-1 respectively, with the high treatment containing 
approximately 6 times higher PAH levels than the low treatment group. An 
increase in FPAHs was also observed between the 24 h and 7d sampling 
periods for both the low and high treatment groups (Table 3.1). 
Table 3.1 PAH water concentrations (Ng 1") in the low (0.06 mg F1) and high (0.25 mg F-1) 
treatment tanks after 24 h and 7d exposure. US EPA priority pollutants are indicated by an 
asterisk (*). Only PAHs present at detectable levels are shown. 
PAH 
24h 
low high 
treatment treatment 
7d 
low high 
treatment treatment 
*Naphthalene 0.019 0.148 0.021 0.116 
C1-Naphthalene 0.085 0.587 0.110 0.522 
C2-Naphthalene 0.149 0.845 0.225 0.954 
C3-Naphthalene 0.072 0.432 0.133 0.628 
*Fluorene 0.000 0.019 0.000 0.021 
*Phenanthrene 0.005 0.033 0.009 0.041 
Cl-Phen/Anthr 0.000 0.061 0.000 0.094 
C2-Phen/Anthr 0.000 0.066 0.000 0.114 
Dibenzothiophene 0.000 0.005 0.000 0.006 
C1-Dibenzothiophene 0.000 0.000 0.005 0.024 
C2-Dibenzothiophene 0.000 0.000 0.007 0.032 
I PAHs 0.330 2.196 0.509 2.553 
Naphthalene (and its alkyl homologues) accounted for a large proportion of 
the PAH content of the dispersed oil, with concentrations of the dominant 
PAH, C-2 naphthalene, ranging from 0.149 and 0.845 pg 1-' in the low and 
high treatments after 24 h exposure, up to 0.225 and 0.954 after 7d (Table 
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3.1). Only two other priority PAHs, fluorene and phenanthrene, were 
detected in the exposure tanks. However, these were considerably lower, 
with concentrations recorded at 13% (fluorene) and 22% (phenanthrene) of 
the naphthalene levels in the high-exposure treatment after 24 h. 
PAHs were accumulated in the scallop tissues after 15 d exposure, with C-3 
naphthalene recorded at the highest concentration of 1439 and 2422 pg kg-' 
in scallops from the low and high treatments respectively (Table 3.2), 
reflecting the high levels of naphthalene homologues present in the 
seawater. A total of 9 priority parent PAHs (as listed by the US EPA) were 
present in the tissues, of which the tricyclic PAH phenanthrene, was most 
strongly accumulated with a concentration of 56 and 105 pg kg-1 observed in 
organisms from the low and high treatments (Table 3.2). 
3.3.2 Biological measurements 
The number of circulating haemocytes in Chlamys islandica was significantly 
increased following exposure to dispersed oil (F2881 = 7.11, P<0.01). Total 
haemocyte counts were significantly higher in organisms from the high- 
treatment group following 15 d exposure, with THC of 16.9 x 106 ml-' 
compared to 11.1 x 106 ml-' in the control (Figure 3.2a). These increased 
cell counts did not return to control levels after the 7-day recovery period; 
THC were still significantly elevated, with 4.3 x 106 more cells per ml of 
haemolymph relative to the control group. 
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Table 3.2 PAH body burdens (Ng kg-1 dry wt) in whole tissues of Chlamys islandica following 
exposure to low (0.06 mg [-1) and high (0.25 mg F-1) dispersed oil for 15 d. US EPA priority 
pollutants are indicated by an asterisk (*). Only PAHs present at detectable levels are shown. 
concentration (µg kg-') 
PAH low high 
treatment treatment 
*Naphthalene 5.16 10.41 
C1-Naphthalene 67.10 159.78 
C2-Naphthalene 704.24 1392.96 
C3-Naphthalene 1439.14 2421.68 
*Fluorene 8.57 27.38 
*Phenanthrene 56.29 104.57 
C1-Phenanthrene/Anthracene 285.84 470.68 
C2-Phenanthrene/Anthracene 441.38 620.19 
Dibenzothiophene 6.86 13.52 
C1-Dibenzothiophene 60.07 98.49 
C2-Dibenzothiophene 120.42 171.95 
*Fluoranthene 5.43 6.68 
*Pyrene 10.38 14.14 
*Benzo(a)anthracene 2.76 3.21 
*Chrysene 27.95 36.69 
C1-Chrysene 58.50 72.92 
C2-Chrysene 56.42 66.22 
*Benzo(b, j)fluoranthene 4.06 4.39 
*Benzo(b, j, k)fluoranthene 4.71 4.90 
1 PAHs 3365.28 5700.76 
Exposure of C. islandica to dispersed oil resulted in elevated plasma protein, 
with the highest mean concentration of 2.39 mg ml-' observed after 7d in 
organisms exposed to 0.06 mg 1-' (Figure 3.2b). Plasma protein levels were 
significantly elevated (F4881 = 3.93, P<0.01) in the haemolymph in exposed 
organisms relative to the control after both 7 and 15 d (Figure 3.2b). 
However, following the post-exposure recovery period, there was no 
significant difference in plasma protein between both the exposed and 
control groups, with mean concentrations ranging from 1.36-1.46 mg ml-1. 
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Whilst no significant change in cell membrane stability was observed in the 
control group throughout the exposure period (Figure 3.2c), cell membrane 
stability in exposed scallops was affected by both treatment and exposure 
time, with a significant interaction between these two factors (F4881 = 9.70, 
P<0.001). After 7d exposure, there was no significant difference in cell 
membrane stability between oil-treated and control scallops. Membrane 
stability was compromised following 15 d exposure to 0.06 mg 1"1 and 
0.25 mg 1-1 dispersed oil, with the OD of retained neutral red dye significantly 
decreased to 66% and 40% of the control group respectively (Figure 3.2c). 
This reduction in cell membrane stability was reversed after the post- 
exposure recovery period, with the OD significantly higher in organisms from 
the oil-exposed treatments compared to the control group, with a maximum 
OD of 10.90 mg-' protein. 
Phagocytic activity in the haemocytes of C. islandica was significantly altered 
during exposure to dispersed oil, with an interaction between treatment and 
exposure time (F4,81 = 4.52, P<0.01). After 7 d, phagocytic ingestion of 
zymosan in organisms from the oil-exposed treatments was not significantly 
different from the control group, with phagocytosis ranging from 24.83 - 
28.33 x 108 particles mg-' protein (Figure 3.2d). However, 15 d exposure to 
0.25 mg 1-1 oil (high treatment group) resulted in a significantly reduced 
phagocytic activity of 16.2 x 108 particles mg-1 protein, only 48% of the level 
observed in the control group after 15 d. Following the recovery period, 
phagocytic ingestion in individuals from the high-treatment group (30.6 x 108 
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particles mg-' protein) had returned to control levels (Figure 3.2d), a 
significant increase on that observed after 15 d exposure. 
A maximum AP activity of 5.86 U mg"' protein was recorded in the plasma of 
oil-exposed scallops after 7d exposure at 0.06 mg 1-' (Figure 3.2e). 
However, no significant change in AP activity was observed as a result of an 
interaction between treatment and exposure time (F4881 = 0.59, P=0.669), 
and no significant effect of these main factors was detected; F2,81 = 0.19, 
P=0.831 and F2,81 = 1.29, P=0.281 for treatment and exposure time, 
respectively. 
3.4 Discussion 
An effective immune response is essential in maintaining the health of an 
organism and may, subsequently, affect growth, reproduction and, ultimately, 
survival (Blaise et al., 2002). The results of this study demonstrated how 
exposure to sublethal concentrations of dispersed oil alters the cellular 
immune function in the Arctic Scallop C. islandica. Various contaminants 
have been reported to exert immunotoxic effects on organisms, including oil 
(Ordäs et al., 2007) and oil-related components such as PAHs (Coles et al., 
1994; Wootton et al., 2003a; Frouin et al., 2007). The low levels of PAHs 
recorded in the seawater of the exposure tanks, relative to the nominal 
dispersed oil concentration, may reflect the partitioning of these 
hydrocarbons between the oil droplets and water (Skadsheim, 2004). The 
adsorption of oil onto both the surfaces of the tank and the organisms 
75 
themselves will also reduce the PAH concentrations measured in the 
seawater. This progressive loading of oil onto these surfaces may also 
account for the increase in FPAHs observed during the exposure period, with 
the adsorbed oil providing a secondary supply of PAHs to the seawater 
phase, increasing PAH concentrations over time (Skadsheim, 2004). 
With PAHs having high octanol-water partition coefficients (log K0W >3), they 
are readily taken up by organisms (Nielson et al., 1997). Bivalve molluscs 
have a limited ability to metabolise PAHs and they can therefore accumulate 
to high concentrations in the tissues (Moore et al., 1989). The uptake of 
PAHs by C. islandica is likely to be the main cause of the reduction in PAH 
concentrations measured in the seawater, and is supported by the increased 
body burdens. Evaluating bioaccumulation is an important part in assessing 
the risk that contaminants pose to marine organisms. Based on the ratio of 
PAHs in biota and seawater (averaged from the low and high treatments), 
PAH bioconcentration factors (BCFs) were determined to provide an 
indication of the potential for bioaccumulation (Dimitrov et al., 2002; Arnot 
and Gobas, 2006). The BCFs of individual priority PAHs ranged from 169 for 
naphthalene up to 5434 for phenanthrene, a known immunotoxicant 
(Wootton et al., 2003a). Body burden analysis also indicated the 
accumulation of other priority PAHs in the tissues of C. islandica including 
fluoranthene, pyrene, benzo(a)anthracene, chrysene, benzo(b, j)fluoranthene 
and benzo(b, j, k) fluoranthene, despite their concentrations in seawater being 
below the detection limit. As a result, BCFs were unable to be calculated for 
these higher molecular weight hydrocarbons. However, with PAH 
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hydrophobicity demonstrating a linear relationship with log KoN, (Baussant, 
2004), it can be assumed that these PAHs, some of which are reported 
immunotoxicants (Grundy et al., 1996a; Frouin et al., 2007; Bado-Nilles et 
al., 2008), may be strongly accumulated by organisms that lack an efficient 
detoxification mechanism. 
Haemocytes play an important role in the defence mechanisms of the bivalve 
immune system (Pipe et al., 1995b). Whilst the haemocyte counts in 
C. islandica observed here are much higher than those reported for other 
bivalves such as mussels and clams, they are in line with numbers reported 
in other scallop species such as Chlamys farreri (Chen et al., 2007; Liu et al., 
2009). The number of circulating cells often increases in response to 
contaminant stress (Coles et al., 1994; 1995) as observed in this study. 
Whilst increased total haemocyte count following 15 days exposure to 
0.25 mg I-1 dispersed oil may be a result of cell migration from the tissues, 
maintenance of elevated cell counts after the recovery period suggests 
stimulation of cell production (Pipe et al., 1999) which can occur in the 
haemolymph of bivalves (Mayrand et al., 2005; Matozzo et al., 2008) . 
PAHs 
can cause cytolysis in lysosome-enriched cells such as haemocytes 
(McCormick-Ray, 1987) with an elevation in haemocyte number indicating 
compensation for cell lysis. Cell lysis may also contribute towards the 
significant increase in plasma protein concentration observed in organisms 
from the low and high treatments, a possible result of the release of cell 
contents into the plasma. Alternatively, induction of humoral factors such as 
lysozyme (Anderson and Beaven, 2001) and pro-phenoloxidase (Xing et al., 
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2002) may contribute to the increased protein concentration found in the oil- 
exposed animals. 
Cell membrane stability is extremely important in the maintenance and 
functioning of cellular processes. PAHs can impair cell membrane function 
(French-McCay, 2004) with reduced cell membrane stability a common result 
of contaminant-induced cell membrane disruption (Moore, 1985). Within 
bivalve haemocytes, lysosomes sequester, accumulate and metabolise a 
range of xenobiotics (Nagger et al., 2005). However, this detoxification 
process is not effective if the storage capacity is exceeded and may result in 
damage to the cell (Moore et al., 1984). Overloading the detoxification 
process may account for the reduced membrane stability observed in the 
present study after 15 days exposure to both low and high dispersed oil 
treatments. A reduction in cell membrane stability is inversely correlated with 
lysosomal volume (Moore et al., 2006) and has been reported in marine 
molluscs following exposure to organic pollutants (Da Ros et al., 2007). If 
lysosomal enlargement occurred as a result of the reduced cell membrane 
stability and persisted after the 7-day recovery period, this would provide a 
larger volume for the neutral red dye to be taken up, accounting for the 
significant increase in neutral red retention of the oil-exposed recovery 
scallops compared to the control animals. Alternatively an increase in 
lysosomal turnover in response to the oil exposure may also contribute to the 
observed increase in neutral red retention after the recovery period. 
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Phagocytosis, an essential part of the invertebrate immune response, has 
been shown to be impaired by numerous organic contaminants including 
polychlorinated biphenyls (Fournier et al., 2002) and PAHs (Sami et al., 
1993; Grundy et al., 1996a; Bado-Nilles et al., 2008), and was significantly 
reduced in C. islandica following 15 days exposure to 0.25 mg 1-1 dispersed 
oil. Phagocytic processes are dependent on membrane properties of the 
haemocytes (Grundy et al., 1996b), therefore, any alterations in the cell 
membrane may impact phagocytic activity. It has been suggested that 
disruption of cell membranes is more likely to occur from exposure to 
lipophilic organic contaminants rather than inorganic metals (Dyrynda et al., 
1998), with PAHs (penetrating phospholipid monolayers in model membrane 
systems) altering membrane fluidity (Nelson et al., 1990). Haemocyte 
motility, or changes in membrane recognition, can also impair phagocytic 
ability (McCormick-Ray, 1987), with PAHs altering the expression of 
membrane receptors (Sami et al., 1993), which may interfere with the ability 
to recognise non-self material, essential to the phagocytosis process. 
The enzyme alkaline phosphatase (AP) participates in the degradation and 
breakdown of invading non-self material (Liu et al., 2004), and has been 
recorded in various bivalve species (Xue and Renault, 2000; Xing et al., 
2002; Liu et al., 2004; Jing et al., 2006). Previous work has reported 
increased AP activity in the oyster Pinctada fucata in response to copper 
exposure (Jing et al., 2006), however, dispersed oil exposure did not 
significantly alter AP activity in C. islandica. No effect on AP activity was also 
observed in the seastar Coscinasterias muricata exposed to naphthalene, 
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benzo(a)pyrene or the WAF of crude oil (Georgiades et al., 2003). AP is a 
polymorphic enzyme, with variable activity between organisms (Fahselt, 
1987; Takeda et al., 1990). Such polymorphism has been reported in the 
coding loci for other enzymes in C. islandica (Fevolden, 1992) and may 
account for the large variability in AP activity observed in this species during 
the present study. 
Whilst this study demonstrated an alteration in some aspects of immune 
function caused by exposure to sublethal, low-level concentrations of 
dispersed oil this modulation appears to be reversible upon removal of the 
contaminant stress. However, the impact on immune function of acute 
exposure, associated with accidental oil spills needs to be established and 
may have consequences for disease resistance and hence survival. 
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Chapter 4 
Immunotoxicity and oxidative stress in the 
Arctic Scallop Chlamys islandica: effects 
of acute oil exposure 
Results from this chapter have been presented at the 19th SETAC Europe 
Annual Meeting, Göteborg, Sweden, June 2009 (platform presentation). The 
results have also been accepted for publication in Ecotoxicology and 
Environmental Safety (Hannam et al., in press). 
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4 Immunotoxicity and oxidative stress in the Arctic Scallop 
Chiamys islandica: effects of acute oil exposure 
4.1 Introduction 
Currently, approximately one tenth of the world's oil is supplied by production 
in Arctic regions, with cumulative production estimated at 13 400 million m3 
(AMAP, 2007). Predicted increases in oil activity in Arctic regions will 
increase the risks of accidental oil spills, yet the ecological impacts of oil 
spills in Arctic environments are unclear. However, it is thought that the 
biological adaptations of cold-water species, may affect the susceptibility of 
Arctic organisms to oil-induced damage. In addition, biological recovery from 
such damage is predicted to be much slower than in temperate systems; a 
result of the low growth rates, higher generation turnover times and 
increased age at maturation that are characteristic of many Arctic organisms 
(AMAP, 1998). 
Current expansion in oil production in the Arctic, therefore, raises growing 
concern over the effects of oil exposure on Arctic organisms. A zero 
discharge policy is in place in some areas of the Arctic such as the Barents 
Sea (OLF, 2006), however, there remains the possibility of tanker spills, blow 
outs and pipeline leaks; in addition, transport of the extracted oil extends the 
risk of accidental release beyond the production area (AMAP, 2007). For 
marine systems, oil spills pose the largest environmental threat, and when 
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difficult to contain, can cause impacts over large areas. Even small-scale oil 
spills can have substantial effects on local pollution levels and marine biota. 
Bivalves have been used widely for pollution-effect studies, and the Arctic 
Scallop C. islandica has potential as a sentinel species in the Arctic and Sub- 
arctic region, where the commonly used Mytilus edulis is absent. Previous 
results indicate that immunotoxicity from low levels of dispersed oil is 
reversible in C. islandica; however, with the elevated risk of accidental spills 
due to increased oil exploration in Arctic regions, the consequences of an 
acute oil exposure are yet to be established. This study aims to assess if a 
simulated weathered oil spill will induce a peroxidative challenge and inhibit 
immune function in C. islandica. 
4.2 Materials and methods 
4.2.1 Experimental design 
Diver-collected Arctic Scallops were collected in March 2008 from Porsanger 
(Norway) and transported by air to the exposure facility in Stavanger 
(Norway) as described in Section 2.1.1. Upon arrival, organisms (-180 total) 
were transferred to 600 I flow through fibreglass tanks and acclimated to 
laboratory conditions for 6 weeks prior to use in the exposure system 
(Section 2.1.1). 
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FSW (0.5 L nein 1) 
al coated soda glass beads 
(35ni oil kg' beads) 
large glass beads 
F SW+ crude oil 
(0.5 L min 1) 
to exposure tanks 
Figure 4.1 Bead column used to mimic an accidental oil spill: the filtered seawater (FSW) 
flowing through the column delivers the water accommodated fraction (WAF) to the exposure 
system, with the oil concentration decreasing over the exposure period. 
Scallops were exposed to the water accommodated fraction (WAF) of North 
Sea crude oil via a bead column (Figure 4.1) to simulate a weathered oil spill 
(Carls et al., 1999). This column exposure system delivers an initial high 
concentration of PAHs to the exposure tanks followed by a progressive 
decline in PAH exposure (Kennedy and Farrell, 2005; Camus and Olsen, 
2008; Olsen et al., 2008). The polyvinyl chloride (PVC) column was initially 
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filled with a 15 cm layer of large glass beads (0 15 mm), before adding 20 kg 
of soda glass beads (0 3 mm) coated in crude oil (35 ml oil kg"' beads). FSW 
was passed through the column for 24 h to remove the most volatile and 
soluble fractions that would usually evaporate during the initial hours after a 
spill. The column was then connected into a continuous flow system (CFS), 
with a flow rate of 0.5 I min"' entering the exposure tanks. Scallops were 
subjected to this treatment over 21 days (8 °C ± 1) and fed daily on the 
microalgae concentrate Shellfish Diet 1800 (Instant Algae®). 
4.2.2 Chemical measurements 
PAH analyses were conducted on seawater samples collected from the 
exposure tank at time zero and after 1,2,4,7,14, and 21 days exposure. In 
addition to the 16 priority PAHs, the alkyl homologues of naphthalene, 
chrysene, dibenzophiothene and phenanthrene/anthracene were also 
measured using GC/MS as described in Section 2.3.1. 
4.2.3 Biological measurements 
Eight animals from the exposed and control (FSW) treatments were sampled 
at time zero and after 1,2,4,7,14 and 21 days exposure. Haemolymph was 
extracted from the adductor muscle using a 21 gauge needle and transferred 
to a siliconised microcentrifuge tube. Samples for determination of total 
haemocyte counts (Section 2.2.4.1), protein content (Section 2.2.3), cell 
membrane stability (Section 2.2.4.2) and phagocytosis (Section 2.2.5.1) were 
stored on ice to minimise cell aggregation. Haemolymph samples for 
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oxidative stress analysis (Section 0) were stored at -80 °C until required. All 
measurements conducted on haemolymph samples were carried out in 
triplicate. All absorbances were determined using a Labsystems Multiskan 
RC microplate reader (Labsystems, USA). Following haemolymph extraction, 
the condition index of the 8 individuals was also established (Section 2.2.2). 
4.2.4 Statistical analysis 
Biological endpoints were measured in 8 individuals from each treatment at 
each time point with results expressed as mean values ±1 standard error. 
Data sets were checked for homogeneity of variance and univariate analysis 
was performed using two-way ANOVA; tests were performed on each 
biological endpoint to determine significant differences due to interactions 
(treatment x time) or main factors (treatment and time). Post-hoc pairwise 
comparisons were conducted (Fisher's LSD) to identify where significant 
differences occurred at or above the 95% confidence level. 
4.3 Results 
4.3.1 Chemical measurements 
Chemical analysis indicated that after an initial increase in the total PAH 
(FPAH) exposure concentration in the first 48 h, levels then decreased over 
the remaining exposure period (Figure 4.2). The maximum Y-PAH 
concentration was observed 48 h after the start of the exposure at 
163.4 pg 1-1, this level then decreased to just 8% of this maxima after 21 d, 
with a recorded 7-PAH concentration of 13.3 pg 1-1. Naphthalene, and its alkyl 
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homologues, dominated the PAHs recorded accounting for -96% of the 
7-PAH concentration (Table 4.1). Only 5 other priority PAHs were recorded in 
the exposure system over the 21 d, of which, only fluorene and 
phenanthrene were measured at levels in excess of 1 pg 1"1. However, the 
highest concentration of these two PAHs was observed after 7d and did not 
coincide with the maximum ZPAH which was recorded after 48 h (Table 4.1). 
180 
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Figure 4.2 Decrease in total PAH concentration in the exposure tanks as a function of time. 
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05 10 15 20 25 
lable 41 PAH water concentrations in the exposure tank at different time points after the start 
of the exposure. US EPA priority pollutants are indicated by an asterisk (*). 
concentration (µg I-) PAH 
lh 24h 48h 96h 7d 14d 21d 
* Naphthalene 17.82 53.87 49.70 31.84 17.30 3.28 0.56 
C1-Naphthalene 20.10 61.44 70.59 66.20 51.92 20.39 3.17 
C2-Naphthalene 11.01 28.49 34.88 35.74 35.01 22.12 5.92 
C3-Naphthalene 2.22 4.58 5.77 6.68 7.39 6.69 2.36 
* Acenaphthylene - - --- - - 
* Acenaphthene - - --0.14 0.07 0.03 
* Fluorene 0.30 0.90 1.02 1.11 1.18 0.57 0.30 
* Phenanthrene 0.31 0.75 0.89 1.03 1.14 0.75 0.23 
* Anthracene - - --- - - 
C1-Phen/Anthr 0.36 0.45 0.53 0.61 0.75 0.68 0.33 
C2-Phen/Anthr - - --- 0.31 0.23 
Dibenzothiophene - - --0.16 0.10 0.04 
Cl-Dibenzothiophene - - --- 0.13 0.10 
C2-Dibenzothiophene - - --- - - 
* Fluoranthene - - --- - - 
* Pyrene - - --- 0.01 - 
Benzo(a)anthracene - - -- - - 
* Chrysene - - --- 0.01 - 
Cl-Chrysene - - --- - 
C2-Chrysene - - --- - - 
* Benzo(b, j)fluoranthene - - 
* Benzo(k)fluoranthene - - --- - - 
Benzo(b, j, k)fluoranthene - - --- - - 
* Benzo(a)pyrene - - 
* Indeno(1,2,3-cd)pyrene - - --- - - 
* Benzo(g, h, i)perylene - - --- - - 
* Dibenzo(a, h)anthracene - - --- - - 
4.3.2 Biological measurements 
Mortalities were recorded during the exposure with the survival reduced by 
almost 40% after 21 d (Figure 4.3a). The condition index of C. islandica was 
also significantly affected by oil exposure (F697 = 2.62, P<0.05) with a 
significant reduction in scallop CI observed after 2 days. The lowest Cl was 
recorded after 4d exposure; 28% less than the value recorded for the control 
scallops. The significant reduction in Cl persisted up to day 14, after which 
the CI returned to similar values to those observed in the control organisms 
(Figure 4.3b). 
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Figure 4.3 (a) Cumulative mortality recorded and (b) condition index of surviving Arctic 
Scallops (Chlamys islandica) after an acute exposure to the water accommodated fraction of 
crude oil for up to 21 d. Cl data is expressed as mean values (n = 8) ±1 standard error and 
significant differences from the control (P < 0.05) are indicated by an asterisk (*). 
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Acute oil exposure significantly altered the number of circulating haemocytes 
in C. islandica (F6997 = 3.14, P<0.01). After 24 h the haemocyte count was 
increased, with the highest THC of 13.78 x 106 MI-1 observed after 2 days 
exposure (Figure 4.4a). However, on day 4, the cell count declined to a level 
below that of the control scallops to 9.06 x 106 ml-1, with 35% fewer cells 
observed compared to that recorded 2 days previous. As the exposure time 
progressed to 7 days, the THC returned to levels similar to scallops from the 
control treatment, and no significant difference in THC between exposed and 
control organisms was observed for the remainder of the 21 d experimental 
period (Figure 4.4a). Cell membrane stability was significantly affected by 
acute oil exposure (Kruskal-Wallis, H= 38.84, P<0.001). After 24 h the cell 
membrane stability in exposed animals was impaired relative to the control, 
with a significant reduction observed after 2,4,7 and 21 days (Figure 4.4b). 
The greatest decrease in membrane stability was observed after 4 days 
exposure, and was 52% lower than the control scallops sampled for that 
respective time point. 
Phagocytic activity in C. islandica was significantly altered by acute oil 
exposure (Kruskal-Wallis, H= 66.05, P<0.001), with the number of particles 
phagocytosed increasing from 26.0 x 108 at the start of the exposure to 
47.5 x 108 in oil-treated scallops after 24 h (Figure 4.5a). This stimulation of 
phagocytosis changed to inhibition after 2 days exposure, with phagocytic 
ingestion reduced to 10.1 x 108 particles mg-' protein. 
90 
(a) 
18 
16 
14 
12 
E 
(0 10 
x 
8 
2 
~6 
4 
2 
0 
ýbý 
14 
12 
G) 10 
o 
.ýa 
'v 'T8 c cm m 
6 
Go 
00 4 
2 
0 
Figure 4.4 Immunopathological effects in Chlamys islandica following acute oil exposure: (a) 
total haemocyte count (THC) and (b) cell membrane stability. Data is expressed as mean values 
(n = 8) ±1 standard error and significant differences from the control (P < 0.05) are indicated by 
an asterisk M. 
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Figure 45 ! mmune function modulation in Chlamys islandica following acute oil exposure: (a) 
phagocytic activity and (b) cytotoxic ability. Data is expressed as mean values (n = 8) ±1 
standard error and significant differences from the control (P < 0.05) are indicated by an 
asterisk M. 
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Impairment of the haemocyte phagocytic capability persisted throughout the 
remaining exposure period, with oil-exposed scallops exhibiting phagocytosis 
at 41-57% of the levels observed in the control groups for each time point 
(Figure 4.5a). The ability of haemocytes to elicit a cytotoxic response to 
foreign cells was reduced in oil-exposed animals after just 24 h. Cytotoxic 
capability demonstrated the greatest inhibition after 2 days exposure, with 
31.4% cytotoxicity compared to 57.0% in the control group (Figure 4.5b). 
However, oil-exposed scallops demonstrated increased variation in the 
cytotoxic response and the differences observed between exposed and 
control organisms were not found to be statistically significant at any time 
point (F1,97 = 7.38, P=0.078). 
A significant depletion in total glutathione was observed in C. islandica 
subjected to the acute oil exposure (F1 97 = 7.46, P<0.01). Total glutathione 
levels were lowest after day 2 at 6.2 nmol mg-' protein; 40% less than the 
concentration recorded in scallops from the control group. This reduction in 
glutathione was also observed up to day 7, after which levels returned to that 
of the control for the remainder of the exposure period (Figure 4.6a). Lipid 
peroxidation (LPO) increased after 2 days in scallops subjected to the acute 
oil exposure and remained elevated up to day 21. Exposed organisms 
showed elevated LPO concentrations between 23 and 67% above the 
respective control groups (Figure 4.6b). However, only the highest level of 
LPO, recorded after 14 days at 8.1 nmol mg-' protein in exposed animals 
was significantly higher than the control value of 4.8 nmol mg-' protein 
(F1997 = 8.48, P<0.005). 
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Figure 4.6 Oxidative stress in Chlamys islandica following acute oil exposure: (a) total 
glutathione concentration and (b) lipid peroxidation (LPO). Data is expressed as mean values (n 
= 8) ±I standard error and significant differences from the control (P < 0.05) are indicated by an 
asterisk (*). 
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4.4 Discussion 
PAHs are known to be a toxic component of the WAF of crude oil and were 
present at a concentration of 150 pg 1-1 at the beginning of the exposure 
(24 h) followed by a decline in concentration over the 21 days of the 
experiment. After an oil spill, PAH concentrations in the water column will 
vary according to environmental conditions and will also be dependent upon 
the quantity of oil released (Lee and Anderson, 2005). Total PAH 
concentrations in the water column have been reported to be in excess of 
500 pg 1-1 after the Ekofisk blow out (Law, 1978), and Kingston (1999) 
reported high seawater levels of -1600 pg 1-' following the Braer oil spill. 
Other studies have reported much lower concentrations after accidental oil 
spills, with levels of 6 pg I-' detected after the Exxon Valdez spill; however, 
the latter may reflect the rapid reduction in seawater PAHs post-spill, since 
these measurements were made 14 d after the initial release (Short and 
Harris, 1996). After the North Cape spill, Reddy and Quinn (1999) reported 
PAH levels of 115 pg 1-1, but predicted the initial concentrations following the 
spill to be in > 200 pg I-', indicating the PAH concentrations in the current 
study to be environmentally realistic. 
Whilst PAHs concentrations were measured in the current study, many other 
compounds are also present in crude oil (Neff et al., 2000); PAHs only 
account for 1.6% of the composition of North Sea oil (Baussant et al., 2009). 
Unbranched alkanes (n-alkanes) are a constituent of crude oil, although work 
by Skadsheim et al. (2000) only detected their presence in crude oil droplets, 
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not in the WAF, so n-alkanes are unlikely to be a source of toxicity in the 
current study. Alkylphenols are often present in the WAF of crude oil 
(Tollefsen et al., 2008). Whilst alkyated phenols may have contributed 
towards the immunotoxic effects reported here, the sublethal toxicity 
normally associated with alkyiphenols concerns estrogenic (Aarab et al., 
2004) and genotoxic effects (Bar§iene and Andreikenaite, 2007). Often, 
conventional GC analysis of crude oil indicates the presence of unresolved 
complex mixtures (UCM), which have also been reported in the WAF 
(Melbye et al., 2009). Branched alkylaromatic hydrocarbons, such as 
branched alkylbenzene, are likely to be present in this UCM and can be 
accumulated by marine bivalves (Booth et al., 2007); however, these 
branched alkylbenzenes were not found to have any effect on the cell 
membrane stability of M. edulis (Scarlett et al., 2008), so it is concluded that 
they are unlikely to be a contributing factor towards the immunotoxic effects 
observed here. Polar compounds are also a major component of oil and are 
reported to dominate the WAF of Norwegian crude, accounting for 70 % of 
the organic compounds present (Melbye et al., 2009). These polar fractions 
are largely made up of cyclic and aromatic sulphoxide compounds, and have 
been shown to be genotoxic to fish (Tollefsen et al., 2008). Since polar 
compounds dominate WAF of crude oil, it should be noted that in addition to 
the measured PAHs, polar compounds may also account for a proportion of 
the toxicity to C. islandica observed in the current study. 
Acute oil exposure of Chlamys islandica resulted in -40% mortality after 
21 d, with similar oil-spill induced mortalities reported for the bivalves 
96 
Protothaca staminea (Fukuyama et al., 2000) and Mya arenaria (Gilfillan and 
Vandermuelen, 1978). Organisms from the present study that survived the 
initial high dose of PAHs had a reduced condition index, with many 
individuals exhibiting mantle retraction and narcosis. Such a reduction in 
tissue condition has been reported previously for bivalves transplanted to an 
oiled environment (Culbertson et al., 2008) and exposed to oil-based drilling 
mud (Cranford et al., 1999). In scallops, glycogen is an essential metabolic 
energy reserve important in maintaining tissue condition (Barber and Blake, 
2006). The metabolism of PAHs in the oil-exposed scallops may deplete 
these glycogen stores, limiting the energy available for tissue growth. A 
contaminant-induced increase in glycogen utilisation may therefore be a 
contributing factor in the observed reduction in condition index. Previous 
studies have also demonstrated a significant correlation between tissue 
glycogen content and condition index in mussels along a pollution gradient 
(Smolders et al., 2004), with mussels subjected to heavily contaminated sites 
having lower glycogen levels and an impaired condition index (Pridmore et 
al., 1990; Smolders et al., 2004). In addition to the lethal effects, and visible 
signs of tissue deterioration from the acute oil exposure, exposed 
C. islandica also showed sublethal cellular effects. 
The immune system of bivalve molluscs is largely dependent on the 
circulating haemocytes that carry out immune surveillance (Pipe et al., 1995). 
The number of circulating haemocytes can fluctuate under stressed 
conditions (Livingstone et at., 2000). For example, increased haemocyte 
numbers have been reported in bivalves following an oil spill (Dyrynda et at., 
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1997a) and also as a result of fluoranthene exposure (Coles et al., 1994). 
Present results, showing elevated haemocyte counts during the initial stages 
of exposure, provide further evidence for contaminant-induced changes in 
cell count. In this study it is likely that increased haemocyte numbers is a 
compensatory mechanism for the compromised cell function demonstrated 
by the reduced cell membrane stability observed at the beginning of the 
exposure period. These results are concordant with the results from the 
previous chapter, where a significant increase in THC corresponded with a 
reduction in immune function in C. islandica after exposure to low 
concentrations of dispersed oil (Chapter 3). However, in addition to the 
increase in cell count, acute oil exposure in the current study resulted in a 
decrease in the number of circulating cells as the exposure period 
progressed. With PAHs reported to cause cytolysis in lysosome-enriched 
cells such as haemocytes (McCormick-Ray, 1987), the ability to maintain the 
elevated haemocyte numbers was reduced with the significant decrease in 
THC on day 4 the likely result of PAH-induced cell death. Other studies have 
reported decreased haemocyte counts persisting for up to day 20 in bivalves 
following PAH exposure (Jeong and Cho, 2005; Pichaud et al., 2008). 
Therefore, the recovery in cell numbers to those in the control, observed as 
early as day 7, is likely to reflect the reduction in PAH concentration 
throughout the exposure and the proliferation of new haemocytes (Pipe et 
al., 1999). The fluctuation in cell counts observed here suggests that the 
toxicity of oil to haemocytes, and the subsequent effect on the number of 
circulating immuno-surveillance cells, is dependent upon exposure period 
and concentration. 
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One of earliest detectable cellular changes caused by contaminants is 
associated with alterations in cell membranes (Moore, 1985). With PAHs 
able to penetrate model membrane systems (Nelson et al., 1990), the 
reduced cell membrane stability observed here, may represent the binding of 
lipophilic PAHs to membrane lipids, altering membrane fluidity and ionic 
pumps (Camus et al., 2002b). A decrease in cell membrane stability has also 
been reported in bivalves as a result of PAH (Camus et al., 2002b), produced 
water (Hannam et al., 2009b) and dispersed oil exposure (Baussant et al., 
2009). 
Phagocytosis is the most common non-specific immune defence mechanism 
in invertebrates and can be subject to modulation by a range of xenobiotics 
(Livingstone et al., 2000). In some instances, low exposure concentrations or 
short exposure times can result in an immuno-stimulatory effect within 
bivalves, with acute oil exposure initially inducing a stimulation of the 
phagocytic activity in C. islandica in the present study. A short-term low dose 
stimulation of phagocytosis has also been reported in bivalves in response to 
other contaminants including produced water (Hannam et al., 2009b), 
pesticides (Rickwood and Galloway, 2004), WAF of diesel (Hamoutene et at., 
2004) and metals (Pipe et al., 1999; Sauve et al., 2002). Whilst the increase 
in phagocytosis observed here in C. islandica was not associated with a low- 
dose exposure, it occurred after just a relatively short exposure on day 1, 
corresponding with an increase in the number of circulating haemocytes and 
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prior to the compromised cell membrane stability observed from day 2 
onwards. Due to the high energetic costs associated with phagocytic activity 
(Cheng, 1981), an initial immune stimulation cannot be maintained and often 
changes towards suppression after longer exposure periods (Cheng and 
Sullivan, 1984; Pipe et al., 1999) as supported by the current results. 
When molluscs are exposed to oil and PAHs their phagocytic activity is 
reduced (Sami et al., 1992; Dyrynda et al., 1997a; Wootton et al., 2003a; 
Frouin et al., 2007; Bado-Nilles et al., 2008; Pichaud et al., 2008; 
Gopalakrishnan et al., 2009; Matozzo et al., 2009). Present results also 
demonstrated inhibition of phagocytosis after 2d exposure to the WAF of oil. 
Thus, it appears that phagocytic reduction is a common response in molluscs 
to contaminant exposure. The reduced phagocytosis observed here, 
corresponded with an impaired cell membrane stability, indicating that the 
phagocytic process is dependent upon the membrane properties of 
haemocytes; PAHs can interfere with the fluidity of cell membranes (Camus, 
2002), restricting the deformation of the membrane essential to the 
phagocytic endocytosis process (Grundy et al., 1996a). The motility of the 
phagocytic cells places a large demand on intracellular ATP (Galloway and 
Depledge, 2001) as does endocytosis and intracellular digestion (Cheng, 
1981) making phagocytosis an energy demanding process. If the current 
acute oil exposure reduced the feeding rate, as reported for marine bivalves 
exposed to WAF of crude oil (Gilfillan, 1975; Widdows et al., 1982), the 
energy available for such immune processes would be limited, possibly 
contributing towards the observed reduction in phagocytosis. Whilst the 
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inhibition in phagocytosis observed in C. islandica following an acute oil 
exposure is similar to that reported for exposure to low levels of dispersed oil 
(Chapter 3), in the current study phagocytic activity remained suppressed 
even at the end of the exposure period despite the reduction in PAH 
exposure concentration to 13 pg 1-1. In contrast, the reduction in phagocytosis 
as a result of low levels of dispersed oil appeared reversible, with 
phagocytosis returning to control levels after just a7d recovery period 
(Chapter 3). These results indicate that acute oil exposure may result in 
prolonged immunotoxic effects that persist beyond the initial exposure period 
even after high PAH levels have subsided. 
Normal cellular metabolism involves the production of potentially harmful 
reactive oxygen species (ROS), to neutralise these ROS organisms have 
developed antioxidant defences. Glutathione is a key component in an 
organism's antioxidant defence system, with increased total glutathione 
concentrations reflecting an up regulation of antioxidant defences as a result 
of the increased ROS production from PAH metabolism (Cheung et al., 
2001). However, hepatocytes exposed to naphthalene, the main component 
of the WAF used here, resulted in a rapid reduction in intracellular 
glutathione (Buonarati et al., 1989). A reduction in intracellular glutathione 
concentration may indicate the antioxidant capacity was overwhelmed; mass 
oxidation of GSH results in excretion of the oxidised molecule (GSSG) from 
the cell (Regoli et al., 1998). Results from the acute oil exposure in the 
present study suggest stimulated ROS production through PAH metabolism 
exceeded the neutralising capabilities of the antioxidant system after day 2 
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and reduced the total glutathione concentration. A similar reduction in total 
glutathione has been reported in organisms exposed to a range of 
contaminants including organophosphorus compounds (Pena-Llopis et al., 
2002), metals (Canesi et al., 1999) and PAHs (Vijayavel et al., 2004). 
The targeting of cell membranes by ROS can cause an autocatalytic 
oxidation process know as lipid peroxidation (LPO) (de Almeida et al., 2007). 
LPO can perturb membrane structure and function by altering membrane 
fluidity, compromising membrane integrity, inactivating membrane-bound 
enzymes and disrupting surface receptor molecules. In addition, the early 
stages of LPO form lipid hydroperoxides (LOOH) which also participate in 
redox reactions, and can exacerbate peroxidative cell injury. During LPO, 
aldehydes such as malonaldehyde are formed as by products and these can 
react with DNA bases forming DNA adducts (Halliwell and Gutteridge, 2007). 
Whilst the total glutathione concentration recovered to control levels by day 
14, a significant increase in LPO was observed at this time point. This delay 
in the occurrence of LPO following the overwhelmed antioxidant capacity 
observed on days 2-7, suggests that a lowered total glutathione 
concentration is a precursor to the oxidative damage of lipid membranes as 
proposed by Ringwood et al. (1999). The occurrence of LPO in bivalves 
following PAH exposure has been widely reported (Cheung et al., 2004; Pan 
et al., 2005; Kaloyianni et al., 2009) and can perturb membrane structure and 
function, which may contribute toward the reduced cell membrane stability 
observed during the later stages of the exposure period despite the reduction 
in PAH concentration. 
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In cold-water regions, the increased levels of dissolved oxygen may provide 
an increased source of oxyradicals (Viarengo et al., 1995). In addition, polar 
organisms often exhibit a higher degree of unsaturated fatty acids in cell 
membranes in order to maintain fluidity and functioning at cold temperatures 
(Viarengo et al., 1994), which may make them more susceptible to oxidative 
stress (Camus et al., 2002b). It has therefore been proposed that polar 
species have elevated antioxidant capacities to cope with oxidative stress 
(Regoli et al., 1997). Whilst previous studies have indicated a higher 
oxyradical scavenging capacity in C. islandica compared to temperate 
species (Regoli et al., 2000), the results here suggest that this species is still 
susceptible to oxidative damage following an acute oil exposure. 
Increased oil production in Arctic regions inevitably means an elevated risk of 
an accidental oil spill into the environment. Whilst the previous chapter 
demonstrated the ability of C. islandica to recover from the effects of low- 
level dispersed oil exposure, acute oil exposure causes mortalities in 
C. islandica. In addition, the individuals that survived the initial high dose of 
oil were then subjected to immunotoxic effects and oxidative damage. Even 
21 d after the initial exposure, no recovery of phagocytosis or cell membrane 
stability was observed despite the reduction in PAH exposure. Whilst it is 
likely that a recovery in immune function may be observed after the acute 
effects of an initial spill have subsided, chronic seepage from residual oil in 
sediments can also mean PAH levels remain elevated in benthic 
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invertebrates unable to metabolise and excrete these compounds which may 
have long-term sublethal effects. It should be noted that the mortalities 
associated with such an acute exposure may simply reflect the removal of 
weaker organisms from a population leaving only the more robust 
individuals, and therefore acute effects may be of less importance than 
chronic impacts. 
The previous chapters highlight the immunotoxic effects of low-level and 
acute oil exposure in the Arctic Scallop C. islandica (Chapter 3& 4). Whilst 
previous studies have reported similar effects in temperate bivalve species 
including mussels, clams and oysters (Grundy et at., 1996a; Grundy et al., 
1996b; Oliver et at., 2001; Wootton et al., 2003a; Auffret et al., 2004; Frouin 
et al., 2007; Ordäs et al., 2007; Pichaud et al., 2008), the impacts on 
temperate scallops are unknown. With inputs of PAHs into marine systems 
increasing, and bioaccumulation of contaminants even greater in Pectinid 
scallops than commonly used mussel species (Mytilus sp. ) (Young-Lai and 
Aiken, 1986), the potential impacts on the commercial scallop species 
Pecten maximus may be significant and will, therefore, be addressed in the 
next chapter. 
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Chapter 5 
Effects of the model PAH phenanthrene on 
oxidative stress and immune function in 
the temperate scallop Pecten maximus 
The results from this chapter have been presented at the 15`h International 
Symposium on Pollutant Responses in Marine Organisms (PRIMO15), 
Bordeaux, France, May 2009 (poster presentation). The results have also 
been published in Chemosphere 78,779-784 (Hannam et al., 2010). 
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5 Effects of the model PAH phenanthrene on oxidative 
stress and immune function in the temperate scallop 
Pecten maximus 
5.1 Introduction 
Polycyclic aromatic hydrocarbons (PAHs) are a ubiquitous class of organic 
contaminants found throughout the marine environment, with the majority of 
inputs arising from anthropogenic sources (Law et al., 1997). Natural 
constituents of crude oil at around 19 000 mg kg"', PAHs are both toxic and 
biologically persistent (Neff, 2002). PAH concentrations in excess of 
600 pg 1-' have been reported in seawater following an accidental blow out of 
an offshore oil platform (Law, 1978), and PAH levels of 1700 pg I-' can result 
from oil spills (Boehm and Page, 2007). Due to their hydrophobicity, PAHs 
are readily accumulated by organisms (Neff and Anderson, 1981), and their 
toxicity and widespread environmental presence has seen the inclusion of 16 
PAHs on the US EPA priority pollutant list. The tricyclic PAH, phenanthrene, 
is considered the most abundant PAH in the aquatic environment (Yin et al., 
2007). With input levels of phenanthrene increasing since the 1990s (Lima et 
al., 2003), elevated concentrations, up to 1460 pg I-', have been recorded in 
seawater samples near areas of crude oil exploration (Anyakora et al., 2005). 
This low molecular weight PAH is readily bioavailable and highly toxic to 
marine organisms (Neff and Anderson, 1981). Whilst tissues such as the 
hepatopancreas, gonad and gill may be targets for PAH toxicity in bivalves, 
contaminants reach these organs through the haemolymph circulatory 
system. This acts as a transfer medium for pollutants and their metabolic 
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products, leaving the haemocytes susceptible to potential deleterious effects 
(Pan et al., 2006). 
Once a PAH has been taken up by an organism it may be subjected to 
biotransformation reactions. In bivalve molluscs, PAH metabolism occurs 
largely through radical oxidation involving reactive oxygen species (ROS) 
(Stegeman and Lech, 1991) which can be generated at various metabolic 
stages (Livingstone, 1991). ROS are produced continually in living cells and 
are essential in maintaining cell function in biological systems. However, an 
imbalance between formation and neutralisation of these reactive species 
can induce oxidative damage (Valavanidis et al., 2006). Adverse effects of 
PAHs may also result in sublethal alterations of homeostatic mechanisms 
such as the immune system (Pipe et al., 1999). The complexity and 
integration with other physiological systems makes the immune system 
particularly sensitive to environmental contaminants with increasing evidence 
of immunotoxic properties in a range of xenobiotics including PAHs and 
crude oil (Galloway and Goven, 2006). 
The Great Scallop Pecten maximus is commercially exploited by fisheries 
and aquaculture, with estimated UK landings of 20 000 t y-1 worth £30 million 
(Briggs, 2000). Distributed along European Atlantic coasts, the northern limit 
of P. maximus may be pushed further into Arctic regions as a result of 
increasing sea temperatures, where a rapid increase in oil exploration activity 
is predicted (AMAP, 2007). Despite the economic importance of this species, 
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knowledge of the biological effects of contaminant exposure on P. maximus 
is severely lacking. This chapter investigated the sublethal effects of the 
model PAH phenanthrene on the oxidative status and immune function of 
P. maximus using a suite of biological endpoints. 
5.2 Materials and methods 
5.2.1 Experimental design 
Pecten maximus were obtained from Start Bay, Devon, UK through Britannia 
Shellfish Ltd, and individuals were acclimated in 50 I tanks (Section 2.1.2) for 
two weeks prior to transfer into the exposure system. Scallops were exposed 
to nominal phenanthrene concentrations of 50,100 and 200 pg 1-1, and a 
vehicle control in 6I aerated tanks (Figure 5.1). Phenanthrene was dissolved 
in dimethyl sulphoxide (DMSO); the final concentration of DMSO did not 
exceed 0.01% of the total tank volume. Scallops were subjected to each 
treatment for 7 d, with the seawater renewed and spiked with the PAH stock 
solution every 24 h to maintain water quality and exposure concentrations. 
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Figure 5.1 Experimental setup for a short-term (7 d) exposure of Pecten maximus to the model 
PAH phenanthrene in individual 61 aerated tanks. 
5.2.2 Chemical measurements 
To confirm the PAH exposure concentration, and any decrease in PAH 
concentration over 24 h, 1I water samples were collected from the exposure 
tanks immediately after the initial PAH spike and 24 h post spike prior to 
seawater renewal. Samples were processed and analysed using GC/MS 
(HP5890 series II GC, HP5970 MSD Hewlett Packard, USA) as described in 
Section 2.3.2. 
5.2.3 Biological measurements 
After 7 days phenanthrene exposure, haemolymph was collected from six 
scallops at each exposure concentration as described previously (Section 
2.2.1) and total haemocyte counts were conducted (Section 2.2.4.1). 
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Oxidative stress measures of total glutathione (Section 2.2.7.1) and lipid 
peroxidation (Section 2.2.7.2) were carried out alongside measurements of 
protein concentration (Section 2.2.3), cell membrane stability (Section 
2.2.4.2) and phagocytosis (Section 2.2.5.1) with all absorbance 
measurements conducted using an Optimax Tuneable microplate reader 
(Molecular Devices, USA). 
5.2.4 Statistical analysis 
All biological measurements were conducted in 6 individuals from each 
treatment with results expressed as mean values ±1 standard error. Data 
sets were checked for homogeneity of variance and univariate analysis was 
performed using one-way ANOVA. Post-hoc pairwise comparisons were 
conducted (Fisher's LSD) to identify where significant differences occurred at 
or above the 95 % confidence level. 
5.3 Results 
5.3.1 Chemical measurements 
Phenanthrene concentrations recorded in the exposure tanks after the initial 
PAH spike were 45.8,83.2 and 163.2 pg 1-1 for the 50,100 and 200 pg 1-1 
treatments, respectively (Table 5.1). These measured phenanthrene 
concentrations represented between 82% and 92% of the nominal exposure 
concentrations, with a reduction in this percentage with increasing nominal 
concentrations. Phenanthrene concentrations in the exposure tanks 
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decreased after 24 h, with a 73-75% reduction in the initial phenanthrene 
concentration across all treatment groups (Table 5.1). 
Table 5.1 Mean (n = 6) water concentrations of phenanthrene (± 1 SE) in the three exposure 
treatments following the initial PAH spike (0 h) and after 24 h. 
Phenanthrene concentration (µg I-) 
nominal 50.0 100.0 200.0 
0h 45.8 (1.52) 83.2 (7.35) 163.9 (9.33) 
24 h 12.0 (1.65) 20.9 (2.45) 41.6 (4.06) 
5.3.2 Biological measurements 
Total glutathione concentration ranged from 13.9 nmol mg-1 protein in 
scallops from the control group to 8.6 nmol mg-' protein in 200 pg l1 
PAH-exposed scallops (Figure 5.2a). This reduced glutathione level in 
exposed scallops was significantly lower than the levels in the control, 
50 pg 1-1 and 100 pg 1"1 treatments (F3223 = 4.40, P<0.05) by 39%, 28% and 
31% respectively (Figure 5.2a). Lipid peroxidation (LPO) significantly 
increased with exposure to phenanthrene (F3223 = 3.71, P<0.05) with 
maximum LPO, 6.6 nmol mg-1 protein, observed in the 200 pg 1-1 
phenanthrene treatment (Figure 5.2b). Despite these endpoints indicating a 
peroxidative challenge in P. maximus following 200 pg 1-' phenanthrene 
exposure, neither total glutathione nor LPO was significantly altered following 
exposure to the lower PAH concentrations of 50 and 100 pg 1-' (Figure 5.2a 
and b). 
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The total number of circulating haemocytes (THC) in P. maximus increased 
following in vivo exposure to phenanthrene (Figure 5.2c). Whilst the small 
increase of 0.4 x 106 cells ml-1 observed in the 50 pg 1-1 treatment was not 
significantly different from the control, exposure to 100 and 200 pg 1-1 
phenanthrene significantly elevated THCs (F3223 = 3.73, P<0.05). The lowest 
THC, 10.8 x 106 cells ml-1, was recorded in the control group, whilst 
exposure to 200 pg 1-1 increased the number of haemocytes by 32% with a 
THC of 14.2 x 106 cells ml-1 (Figure 5.2c). Increasing phenanthrene 
concentrations also produced a trend of increasing plasma protein, with 
levels ranging from 1.04 mg ml-' in the control group to 1.71 mg ml-1 in 
organisms exposed to 200 pg 1.1 (Figure 5.2d). However, there was a large 
degree of variability in the data, and the measured increase in protein 
concentrations was not statistically significant (F3,23 = 1.74, P=0.191). 
A trend of declining cell membrane stability was observed with increasing 
phenanthrene concentration (Figure 5.2e), with exposure to 50,100 and 200 
pg 1-' reducing membrane stability by 11,29 and 46%, respectively, relative 
to the control group. However, only exposure to the highest phenanthrene 
concentration tested, 200 pg 1-1, resulted in a significant reduction in cell 
membrane stability after 7 days (F3.23 = 4.24, P<0.05) with an OD of 3.36 
mg-1 protein, compared to the control (6.27 mg-1 protein) and 50 pg I-' (5.59 
mg-' protein) treatments. 
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The phagocytic activity of P. maximus haemocytes was significantly reduced 
following exposure to 200 pg 1-' phenanthrene (F3223 = 3.20, P<0.05), with 
the uptake of zymosan at 13.7 x 108 particles mg-' protein, just 50% of the 
levels observed in the control group (Figure 5.2f). Despite this reduction 
observed with the high PAH concentration, phagocytosis was not 
significantly affected at the lower exposure concentrations of 50 and 
100 pg 1-1 after 7 days (Figure 5.2f). 
5.4 Discussion 
The reduction in phenanthrene concentrations over 24 h observed in the 
exposure tanks in the present study is likely to reflect the bioavailability and 
uptake of this compound. With a log K. w = 4.57 (Skadsheim et al., 2009), 
phenanthrene is readily taken up by organisms (Neff and Anderson, 1981). 
To maintain phenanthrene exposure levels, despite the large uptake of this 
PAH by P. maximus, the water was renewed and spiked at regular intervals 
(every 24 h). The limited ability of bivalve molluscs to metabolise PAHs often 
results in accumulation in the tissues. Whilst body burdens were not 
determined in this study, evidence from previous work confirmed the 
accumulation of phenanthrene in the bivalves Mytilus edulis (Law et al., 
1999; Moore et al., 2007), Mytilus galloprovincialis (Valavanidis et al., 2008) 
and Crassostrea virginica (Elder and Dresler, 1988). 
The xenobiotic-induced proliferation of ROS through PAH metabolism, and 
subsequent peroxidative challenge and LPO, has been suggested as a 
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mechanism of contaminant toxicity in exposed organisms. Whilst there is no 
universal marker for oxidative stress, alterations in the antioxidant defence 
systems may be the best indicator of oxidative stress in vivo (Halliwell and 
Gutteridge, 2007). Glutathione is regarded as an essential antioxidant 
defence mechanism of cells, acting as an oxyradical scavenger, removing 
hydrogen peroxide (H202) by coupling the reduction to H2O with the oxidation 
of glutathione (Halliwell and Gutteridge, 2007). An increase in glutathione 
may, therefore, indicate up regulation of antioxidant defences, and this has 
been correlated with increased PAH tissue burdens in the bivalve Perna 
viridis (Cheung et al., 2001). Conversely, the results from this study indicate 
a reduction in glutathione following phenanthrene exposure indicating 
enhanced formation of ROS overwhelming the antioxidant defence system. 
Phenanthrene exposure induces a similar decrease in glutathione in the fish 
Carassius auratus (Yin et al., 2007), and a reduction in glutathione has also 
been reported in the Antarctic scallop, Adamussium colbecki, following metal 
exposure (Regoli et al., 1998). 
A decrease in glutathione may also represent indirect effects of PAH-induced 
oxidative stress at the cellular level; energetic costs of antioxidant 
biosynthesis to neutralise increased ROS may result in a decrease in the 
pool of reducing NADPH molecules available (Winston and Di Giulio, 1991). 
Glutathione also plays an important role in detoxification reactions as a key 
conjugate of electrophilic intermediates, catalysed by the enzyme 
glutathione-S-transferase (Van der Oost et al., 2003). Metabolised PAH 
intermediates, in the form of quinones, have a strong affinity for cellular thiols 
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such as glutathione (Xue and Warshawsky, 2005) and previous studies have 
suggested that phenanthrene metabolites can form glutathione conjugates 
(Yin et al., 2007). Therefore, the reactivity of phenanthrene intermediates to 
conjugate with the glutathione molecule may also contribute to reduced 
levels of total glutathione observed in this present study. 
Depletion of glutathione is seen as a sign of oxidative stress and the results 
from Chapter 4 suggested this was a predisposing factor in adverse effects 
of oxidative damage. An increase in oxidative damage (LPO) was observed 
in this current study following exposure to the highest phenanthrene 
concentration tested (200 pg 1-1). The elevated LPO corresponded with a 
reduction in intracellular glutathione, providing further evidence that depletion 
of glutathione is a predisposing factor in adverse effects of oxidative 
damage, as proposed by Ringwood et al. (1999). Previous work has also 
demonstrated an increase in LPO as a result of PAH exposure in sea bream 
Sparus aurata (Kopecka-Pilarczyk and Correia, 2009) and sea bass 
Dicentrachus labrax (Ahmad et al., 2008) as well as in the bivalves 
M. galloprovincialis and Mya arenaria (Frouin et al., 2007; Kaloyianni et al., 
2009). 
Whilst no significant increase in LPO was observed following exposure to 50- 
100 pg I-' phenanthrene, this is not evidence against the occurrence of 
oxidative stress. The TBARS assay applied here measures the terminal 
products in the peroxidative breakdown of lipids, and organisms exposed to 
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lower PAH concentrations may be able to mount efficient antioxidant 
defences, so that the level of peroxidative damage does not reach these 
terminal products. However, it is the early stages of oxidative damage, 
including the formation of conjugated dienes and LOOH (Pannunzio and 
Storey, 1998), that can be responsible for the disruption of cellular 
metabolism and cause cell death (Girotti, 1998). 
The innate immune defences of invertebrates, such as phagocytosis, rely on 
the membrane function of haemocytes which illicit the cellular immune 
response (Pipe et al., 1995). As such, any changes in the properties of the 
cell membrane due to LPO, may also alter these immune parameters. In 
bivalve molluscs, phagocytosis consists of 5 stages including recognition, 
chemotaxis, attachment, ingestion and destruction (Pipe and Coles, 1995). 
The phagocytic activity relies on effective receptor binding, and is susceptible 
to interference by xenobiotics (Thiagarajan et al., 2006). A change in 
membrane recognition may result in an impaired phagocytic response, with 
previous work demonstrating that PAHs alter the expression of membrane 
receptors in the oyster Crassostrea virginica (Sami et al., 1993). 
An increase in the number of circulating haemocytes was reported in 
P. maximus following phenanthrene exposure in excess of 100 pg 1-1, a trend 
which appears to be a common response to xenobiotic stress (Chapters 3& 
4). Despite the increase in cell count, low phagocytic activity was observed 
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after phenanthrene exposure, suggesting cell proliferation, with immature 
haemocytes having a reduced phagocytic capability. 
The results from this study demonstrate the disruption of the oxidative status 
resulting in cellular lipid peroxidation, and reduced immune function in the 
Great Scallop P. maximus exposed to the model PAH, phenanthrene. 
Compared to other PAHs, phenanthrene is considered relatively less toxic, 
with a toxic equivalency factor of 0.001 relative to benzo(a)pyrene (Nisbet 
and LaGoy, 1992). However, the ubiquitous distribution of phenanthrene in 
the aquatic environment, and its tendency for accumulation within organisms, 
suggests the potential for deleterious effects. 
Since a bivalve's ability to mount an efficient immune response is reliant 
upon the integrity and efficient functioning of haemocytes, PAH-induced 
stimulation of ROS production may be a contributing factor in the reduction in 
an organism's immunocompetence. Whilst the results from this chapter 
demonstrated a clear reduction in the basal immune function of P. maximus 
following phenanthrene exposure, it is also important to determine if PAH 
exposure will affect the organism's ability to recognise and respond to 
invading bacteria and this will be the topic of the next chapter. 
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Chapter 6 
Functional immune response in Pecten 
maximus: combined effects of a pathogen- 
associated molecular pattern and PAH 
exposure 
The results from this chapter have been presented at the Plymouth Marine 
Sciences Partnership Symposium 2009, Plymouth, UK, April 2009 (poster 
presentation). These results have also been published as a short 
communication in Fish and Shellfish Immunology, 28,249-252 (Hannam et 
al., 2010). 
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6 Functional immune response in Pecten maximus: 
combined effects of a pathogen-associated molecular 
pattern and PAH exposure 
6.1 Introduction 
The causative agents of disease in bivalve molluscs can include protozoans, 
fungi or bacteria (Paillard et al., 2004). These microorganisms have 
molecular structures that are not shared by host organisms, allowing the 
host's immune system to recognise invading microorganisms. These 
molecular structures are known as pathogen-associated molecular patterns 
(PAMPs) and play an important role in initialising an immune response 
(Kline, 2009). One such group of PAMPs are the lipopolysaccha rides (LIPS) 
that constitute an essential part of the outer membrane of Gram-negative 
bacteria and stimulate the innate immune system of invertebrates (Hernroth, 
2003). Whilst previous studies have investigated the immune response in 
organisms challenged with various PAMPs (Hernroth, 2003; Aladaileh et al., 
2007; Costa et al., 2008; Costa et at., 2009; Pei-Feng et al., 2009), the effect 
of contaminant exposure on an organism's ability to recognise and respond 
to a PAMP is unknown. 
Previous studies have indicated the incidence of bivalve disease and 
associated abnormalities may be linked to environmental pollution 
(Sindermann, 1979). Enhanced disease expression of Perkinsus marinus 
has been observed in the oyster Crassostrea virginica exposed to 
PAH-contaminated sediments (Chu et al., 2002) and Hillman (1993) reported 
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a link between PAH field contamination and the occurrence of neoplasms in 
Mytilus edulis. Therefore, the ability of an organism to recognise and respond 
to the bacterial PAMP may be inhibited by exposure to environmental 
pollutants, resulting in an increased susceptibility to disease. 
The Great Scallop Pecten maximus is a commercially important bivalve for 
both fisheries and aquaculture. Results from the previous chapter (Chapter 
5) have indicated the susceptibility of its baseline immune parameters, 
including total haemocyte count, cell membrane stability and phagocytosis, 
to a contaminant stressor. However, it is unclear if such effects will impair the 
ability to respond to a PAMP challenge. Here, the functional immune 
response of P. maximus after stimulation with PAMP is determined. In 
addition the effect of phenanthrene exposure on the ability of P. maximus to 
recognise and respond to a PAMP is also investigated. 
6.2 Materials and methods 
6.2.1 Experimental design 
Diver-collected scallops, Pecten maximus, from Start Bay, Devon, UK, were 
exposed to 200 pg 1-' phenanthrene and a filtered seawater (FSW) control 
(15 ±1 °C, 34 PSU) in 6I static tanks (24 tanks in total, 1 animal per tank) for 
a total of 9 days. The seawater was renewed and spiked with the 
phenanthrene stock solution every 24 h to maintain water quality and 
exposure concentration. After 7 days, six scallops from each treatment were 
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subjected to an immune challenge through the injection of 100 pI LPS from 
Escherichia coli 055: B5 (100 pg ml-1 in physiological saline [0.02 M HEPES, 
0.4 M NaCl, 0.1 M MgSO4,0.01 M KCI, 0.01 M CaCl2; pH 7.4]) into the 
adductor muscle. A further six animals from each treatment were injected 
with 100 pI physiological saline (phys. sal. ) to act as controls (Figure 6.1a). 
Scallops were returned to their individual exposure tanks (Figure 6.1 b) for a 
further 48 h before biological assays were conducted. 
6.2.2 Chemical measurements 
Water was sampled from the exposure tanks after the PAH spike on day 1 
and day 7 of the exposure to determine any changes in phenanthrene 
concentration over time. In addition, water was sampled 24 h after the initial 
PAH spike to determine any decrease in PAH concentration between the 
water renewal and PAH spike. All samples were collected using 1I amber 
Duran bottles and analysed for phenanthrene concentrations using GC/MS 
as described in Section 2.3.2. 
6.2.3 Biological measurements 
Haemolymph (-0.8 ml) was extracted from the striated region of the adductor 
muscle using a 21-gauge needle and stored in siliconised microcentrifuge 
tubes until analysis. A tiered approach to assess immune function was 
adopted. The first stage was based on the immune apparatus responsible 
for the immune defence, in this case the haemocytes. Therefore, total 
haemocyte counts (Section 2.2.4.1) and cell membrane stability (Section 
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2.2.4.2) were measured in addition to protein concentration (Section 2.2.3). 
The second tier was centred on mechanisms of immunity, with the 
determination of phagocytic activity (Section 2.2.5.1) and the ability of the 
haemocytes to lyse foreign cells (cytotoxic capability), as described in 
Section 2.2.5.2. All absorbance measurements were conducted using an 
Optimax Tuneable microplate reader (Molecular Devices, USA). 
6.2.4 Statistical analysis 
Immune parameters were measured in six individuals from each of the four 
final treatment groups (FSW + phys. sal., FSW + LPS, PAH + phys. sal., 
PAH + LPS) with results expressed as mean values ±1 standard error. Data 
sets were checked for homogeneity of variance and univariate analyses were 
performed using two-way ANOVA; tests were performed on each immune 
parameter to determine significant differences due to interactions (exposure 
treatment x injection challenge) or main factors (exposure treatment and 
injection challenge). Where differences occurred at, or above, the 95 % 
confidence level, Fisher's LSD post hoc pairwise comparisons were 
conducted. 
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(a) 2 MW treatments: FSW 
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k4ec"on (phys saßne I LPS) 
4 final treatments: FSW FSW 
48 h 
phys sa1r e LPS 
haemolymph sampling 
(b) 
PAH exposed 
(200 N9 f) 
PAH PA! -! 
++ 
phys sake LPS 
Figure 6.1 (a) Experimental design and (b) exposure of Pecten maximus used in the 
investigation of the stress on stress effect of LPS challenge and PAH exposure. 
124 
6.3 Results 
6.3.1 Chemical measurements 
Phenanthrene concentrations recorded in the exposure tanks after the initial 
PAH spike on day 1 were measured at 171 ± 15.6 pg 1-' (Table 6.1); 
concentrations decreased over 24 h by 75 ± 3.7%. No significant difference 
in the exposure concentration was observed over the exposure period (t-test: 
t= -0.92, P=0.365), with 180 ± 18.5 pg 1"1 recorded on day 7. 
Table 6.1 Mean (n = 12) phenanthrene concentrations (± 1 SE) in the exposure tanks on day 1 
following the initial PAH spike (0 h), after 24 h (prior to water renewal) and after the PAH spike 
on day 7. 
phenanthrene concentration (µg I- ) 
nominal 200 
0h 171 (5.64) 
24 h 42 (2.68) 
day 1 171 (5.64) 
day 7 180 (5.33) 
6.3.2 Biological measurements 
The LPS challenge significantly increased the response of some biological 
parameters in P. maximus, with a 25% increase in total haemocyte count 
(THC) and a 41% increase in phagocytic activity (Figure 6.2 a and d). 
However, no significant change in plasma protein concentration was 
observed (Figure 6.2b). The change in haemocyte counts following LPS 
stimulation was also significantly impacted by phenanthrene exposure 
(interaction effect: F1,20 = 6.00, P<0.05), with PAH-exposed scallops unable 
to further increase the number of circulating cells after the PAMP challenge 
(Figure 6.2a). 
125 
V 
4J 
E 
= 
` Q 
3 a 
ä x y 
Ln 
8 
Ö 
V 
a 
I\ y 
LL 
O aD Co ' O 
3 
C 
O 
U 
CC 
G1 
to 
C 
OD W 
O 
_m O 
-C 
'n U 
vi 
Cl. dJ 
QQ 
V (uwaload 6w 'Oossao) A1! I! ge s auejgwaw Ileo 
U, o U) o Un 
NNO 
(L_Iw 6w) uialad ewseld 
7 
U 
N 
v 
C 
O 
ro 
N 
C 
CD 
v 
a 
ü 
U 
=va 
2 
aä 
äa 
x 
d 
u 
8 
Ö 
M 
LL 
HU 
nß 
LL 
CD Cý CD 
OoW 
to ON O 
Alaxo opc3 % 
co 
LL. 
(D ýýO a0 cD VNO 
(,. Iw 9oLx) lunoo al(oowaey leloj 
ü 
Nw 
7 pq 
0 
xý 
ýL 
V 
O 
c> 0 
VV 
4aý 
rný 
CO CI) 
nuý 
0000000 
00OMN 
z3 (uialoid L_6w A0 Lx) paso> Do6eyd sapiued 
126 
x 
a 
a 
U) LL 
o 
ö3 
o 
Ed 
ro ä 
: 
c am, 
uV 
o 
U Vl 
OV 
., C 
w_ 
TC 
jm 
z (n 
U 
U CD 
5,11 
UC 
mW 
M U) 
L 
+1 
-y 
E 
N 
ß 
UM 
j' 
E° 
EV 
-_ y 
dß 
Z 
ON 
QC 
fC 
.n ýC V 
S 
f- rT 
0 U) 
Oy 
Ua 
yC 
.JA T 
O3 
yO 
ýa a LX 
OC 
F- ` 
N +L. + C 
Nm 
dLN 
Despite the immunosuppressive effect of phenanthrene, this PAH did not 
significantly affect cell membrane stability or the ability of scallops to illicit a 
phagocytic or cytotoxic response to the LPS challenge (interaction effect: 
F1,20 = 0.01, P=0.955, F1,20=0-19, P=0.666 and F1,20 = 0.01, P=0.926 
respectively). Whilst the LPS PAH-exposed scallops had reduced cell 
membrane stability, phagocytic and cytotoxic activity compared to LPS 
unexposed animals (Figure 6.2c-e), this is a result of the PAH exposure, not 
a decreased ability to respond to the PAMP, since a similar decrease was 
also observed in scallops not subjected to the LPS challenge. 
6.4 Discussion 
It is well documented that the limited ability of bivalve molluscs to metabolise 
PAHs often results in accumulation in the tissues (Meador, 2003). Although 
body burdens were not determined in this study, phenanthrene is known to 
be readily taken up by organisms (Neff and Anderson, 1981). Based on 
similar reductions in phenanthrene concentration in all the exposure tanks 
over 24 h, it is assumed that uptake of phenanthrene occurred. This is in 
agreement with evidence from previous work confirming the accumulation of 
phenanthrene in bivalves (Elder and Dresler, 1988; Law et al., 1999; Moore 
et al., 2007; Valavanidis et al., 2008). 
P. maximus subjected to the LPS challenge had elevated THC. Whilst 
crustaceans show a decrease in cell counts in response to LPS (Lorenzon et 
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al., 1999), LPS was not found to have any toxic effect on the haemocytes of 
the mussel Mytilus edulis (Hernroth, 2003). In addition, the initial decrease in 
cell counts of crustaceans, changed to elevated THCs 48 h post challenge 
(Lorenzon et al., 1999) in accordance with what was observed after 48 h in 
the present study. This increase in cell counts is likely to reflect the initiation 
of an immune response to the invading non-self material through migration of 
haemocytes from the tissues and cell proliferation. This is further evidenced 
in the current study by the parallel increase in phagocytosis following the 
LPS challenge, and has also been reported in the rock oyster Saccostrea 
glomerata in response to PAMPs (Aladaileh et al., 2007). 
Many previous studies have demonstrated the immunotoxic effects of PAH to 
various bivalves (Coles et al., 1994; Wootton et al., 2003a; Jeong and Cho, 
2005; Frouin et al., 2007; Bado-Nilles et al., 2008; Pichaud et al., 2008) and 
the findings are in agreement with results from the present study with 
phenanthrene exposure significantly reducing cell membrane stability and 
phagocytic and cytotoxic activity. This inhibitory effect could be a result of 
direct effects on the immune capacity of the haemocytes. Pollutants can 
disrupt cell metabolism and ATP production (Buttgereit et al., 2000), reducing 
haemocyte motility and, therefore, phagocytic activity. In addition, phagocytic 
processes are dependent on the membrane properties of the haemocytes 
(Grundy et al., 1996a) and the cytotoxic capability relies on direct cell-to-cell 
contact between haemocytes and the target cells (Raftos and Hutchinson, 
1995). With PAHs reportedly inducing peroxidative injury to cellular 
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membranes of P. maximus (Chapter 5), changes observed in the cell 
membrane stability are also likely to alter these immune parameters. 
The recognition of PAMPs relies on pattern recognition receptors (PRRs) 
such as the toll-like receptors reported in the scallops Chiamys farreri (Qiu et 
al., 2007) and Agropecten irradians (Song et al., 2006). PRRs occur on the 
surface of haemocytes and therefore alterations in cell membrane stability 
resulting from phenanthrene exposure may be expected to interfere with 
PRRs. However, the results from the present study indicate the ability of 
P. maximus to recognise PAMPs (such as LPS) is unaffected by 
phenanthrene exposure. 
The results from this chapter demonstrated the ability of P. maximus to 
recognise the PAMP, LPS, associated with Gram-negative bacteria. The 
scallops were able to effectively respond to this LPS challenge through the 
activation of the innate immune system. Whilst the ability to recognise and 
respond to a PAMP was not compromised by PAH exposure, the overall 
level of phagocytic and cytotoxic activity was lowered in phenanthrene- 
exposed scallops due to the immunosuppressive effects of this PAH. Such 
an effect of contaminant exposure may consequently increase the 
susceptibility of this commercial species to bacterial infection and disease 
incidence. 
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Chapter 7 
Immune modulation and ecological 
relevance: linking immunotoxic responses 
at different levels of ecophysiological 
significance 
An abstract based on the results from this chapter has been accepted for a 
platform presentation at the 6th International Conference on Marine Pollution 
and Ecotoxicology, Hong Kong, June 2010. 
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7 Immune modulation and ecological relevance: linking 
immunotoxic responses at different levels of 
ecophysiological significance 
7.1 Introduction 
The invertebrate immune system consists of various parameters that 
together make up an integrated host defence system (Livingstone et al., 
2000). In bivalves, haemocytes are largely responsible for immune function; 
therefore, alterations in cell numbers, viability and membrane stability may 
modulate immune function. In addition, cell-mediated mechanisms such as 
phagocytosis and cytotoxicity, and humoral factors are important aspects of 
bivalve immunity. With so many parameters contributing to an organism's 
immune system, alterations in some parameters may have more of a 
detrimental effect on the animal than others and therefore be of more 
ecological relevance. 
Due to the multifaceted immune system, the use of a tiered system to assess 
the integrated functioning of the invertebrate immunity has been adopted in 
the previous chapters of this thesis, similar to those developed and used for 
assessing vertebrate immunotoxicology (Luster et al., 1988). Using a tiered 
assay approach can give a good overview of the functioning of an organism's 
immune system. The results from previous chapters have demonstrated the 
use of immunopathological and immune function assays in C. islandica and 
P. maximus, and their sensitivity to xenobiotics, including crude oil and the 
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PAH phenanthrene. Whilst measuring these immune parameters provides 
useful evidence of cellular alterations in toxicity studies, it gives little 
information on whether host resistance may or may not be affected (Mayrand 
et al., 2005). With so many parameters contributing to an organism's immune 
response, it is likely that there is some overlapping and redundancy in the 
various responses (Galloway and Depledge, 2001), so if one parameter is 
inhibited other immune parameters may compensate for this and it is unclear 
if such alterations will affect the overall immunocompetence. 
Currently, there is a lack of information on how changes in the immune 
parameters relate to alterations in host resistance. Whilst some studies have 
suggested a link between reduced immune function and decreased host 
resistance, they have measured the immune responses and bacterial 
susceptibility in separate individuals (St-Jean et al., 2002b; Mayrand et al., 
2005). This approach can be problematic, with immune responses in 
bivalves known to vary widely between individuals (Pipe et al., 1995; Pipe et 
al., 1999; Carissan-Lloyd et at., 2004). To date, no correlative studies have 
been conducted in an attempt to elucidate a direct link between impaired 
immune function and compromised host resistance. The work in this chapter 
was aimed at determining the effect of phenanthrene on the ability of Pecten 
maximus to eliminate Vibrio pectenicida following a bacterial challenge. In 
addition, any relationships between immunopathological and immune 
function responses and bacterial clearance were identified to assess if 
changes in these widely used immune parameters are indicative of 
alterations in host resistance. 
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7.2 Materials and methods 
7.2.1 Experimental design 
Scallops (Pecten maximus) were hand collected by divers from Start Bay, 
Devon, UK (50°15'N, 3°37'E) and purchased through Britannia Shellfish Ltd. 
Scallops were maintained as described in Section 2.1.2 for 2 weeks prior to 
use in the experimental system. After this acclimation period, scallops were 
transferred to individual aerated glass tanks (18 in total) containing 6I of 
filtered seawater (FSW; 15 ±1 °C, 34 PSU). The tanks were then spiked with 
the solvent carrier, dimethyl sulphoxide, or phenanthrene stock solution to 
achieve nominal phenanthrene exposure concentrations of 0,100 and 
200 pg 1-1, with the solvent carrier not exceeding 0.01 % of the total seawater 
volume. The scallops were held in these static exposure tanks (6 tanks per 
treatment), for a total of 16 d with the water renewed and spiked every 24 h 
to maintain exposure concentration and water quality. 
7.2.2 Chemical measurements 
One litre water samples were collected from the exposure tanks on day 1,5 
and 10 immediately after the PAH spike to confirm phenanthrene exposure 
concentrations. Samples were processed using liquid-liquid extraction with 
cyclohexane and analysed using GC/MS (HP5890 Series II GC, HP5970 
MSD, Hewlett Packard, USA) as described in Section 2.3.2. 
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7.2.3 Biological measurements 
To determine the gonad maturation of experimental animals, 10 stock 
animals were chosen at random and histological sections of the male and 
female gonad were made as described in Section 2.2.8; these were stained 
with haematoxylin and eosin, and assessed using light microscopy under oil 
immersion at x100 magnification. The stage of gametogenesis in individual 
scallops was determined based on the cytological criteria described by 
Mason (1958). 
After 14 d exposure, haemolymph (-0.7 ml) was collected from the striated 
region of the scallop adductor muscle (Section 2.2.1) for determination of 
total haemocyte count, cell membrane stability (Section 2.2.4), phagocytosis 
and cytotoxic ability (Section 2.2.5). Scallops were then returned to their 
respective exposure tanks for 24 h before being subjected to a live bacterial 
challenge (Figure 7.1). Scallops were injected with 100 pl of Vibrio 
pectenicida suspension (107 bacteria; Section 2.2.6.1) into the adductor 
muscle. Twenty four hours post-challenge, haemolymph (-0.7 ml) was 
collected and the bacterial clearance was determined (Section 2.2.6.1). 
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Figure 7.1 Experimental design to investigate PAH-induced alterations in the bacterial 
susceptibility of Pecten maximus. 
7.2.4 Statistical analysis 
Biological measurements were taken from 6 scallops from each treatment 
and results expressed as mean values ±1 standard error. Data sets were 
checked for equal variance and analysed for significant differences between 
treatment groups using one-way ANOVA for biological parameters. Chemical 
data were analysed using two-way ANOVA. Fisher's LSD pairwise 
comparisons were conducted post-hoc to identify where significant 
differences occurred at or above the 95 % confidence level. 
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7.3 Results 
7.3.1 Chemical measurements 
Seawater phenanthrene concentrations measured in the exposure tanks 
were in excess of 94 and 88% of the nominal concentrations for the 100 and 
200 pg 1-1 treatments, respectively (Table 7.1). No significant difference in 
exposure concentration was observed over the experimental period (two-way 
ANOVA: F2,35 = 0.75, P=0.75) with levels in the range of 94-98 pg 1-1 and 
176-179 pg 1-1 within the respective treatment groups (Table 7.1). 
Table 71 Mean (n = 6) phenanthrene concentrations (± 1 SE) in the exposure tanks after the 
PAH spike at various time points over the experimental period. 
phenanthrene concentration (µg I-1) time (d) 
0 100 200 
1 <0.01 94.0 (3.39) 175.7 (5.83) 
5 <0.01 98.0 (3.49) 177.7 (7.15) 
10 <0.01 97.6 (4.03) 179.2 (5.44) 
7.3.2 Biological measurements 
Histological analysis of P. maximus gonads (Figure 7.2) showed 
characteristics indicative of stage VI of gametogenesis, with all experimental 
animals at a pre-spawning stage of gonad maturation; the gonads were 
dominated by large, well developed spermatic follicles filled with 
spermatozoa (Figure 7.2a), and turgescent female ovarian follicles packed 
with mature polygonal oocytes (Figure 7.2b). Few haemocytes were present 
in the connective tissue of both the male and female sections of the gonad 
(Figure 7.2a and b). 
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Phenanthrene exposure resulted in significant effects on the immune cells of 
P. maximus with elevated haemocyte counts (F2,17 = 4.92, P<0.05) and 
reduced cell membrane stability (F2117 = 5.35, P<0.05). Following aquatic 
exposures of 100 and 200 pg 1-1, cell counts were elevated by 39 and 35%, 
respectively, compared with numbers recorded in control scallops (Figure 
7.3a). This increased haemocyte count corresponded to impaired cell 
membrane stability, with stability in scallops from the 200 pg I-' treatment 
reduced to 50% of the control (Figure 7.3a). Cell-mediated responses 
demonstrated that phagocytic activity of P. maximus haemocytes was 
significantly reduced following 14 d in vivo exposure to phenanthrene (Figure 
7.3b; F2,17 = 4.30, P<0.05). However, no significant effect on the cytotoxic 
ability of the haemocytes was detected (Figure 7.3b; F2117 = 2.36, P=0.129). 
Whilst only one of the immune mechanisms measured was modulated by 
phenanthrene exposure, the bacterial susceptibility of P. maximus was 
altered by this PAH (F21» = 4.62, P<0.05). Significantly higher numbers of 
CFUs (6.3 x 105 ml") were present in the haemolymph of 200 pg 1-' exposed 
scallops 24 h after a bacterial challenge with the clearance of bacteria 
reduced by up to 65% in the exposed scallops (Figure 7.3c). 
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Figure 7.2 Histological section of (a) male gonad and (b) female gonad (haematoxylin and eosin 
stained) from Pecten maximus demonstrating stage VI gametogenesis. 
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Figure 7.3 PAH-induced alterations in (a) the immune apparatus (total haemocyte count and cell 
membrane stability), (b) mechanisms of immunity (phagocytosis and cytotoxic ability) and (c) 
bacterial susceptibility (presence of colony forming bacterial units (CFU)) in Pecten maximus 
after 14 d phenanthrene exposure. 
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There was a significant relationship between PAH-induced responses in the 
immune apparatus and the phagocytic immune mechanism (Figure 7.4), with 
a significant negative correlation between phagocytic activity and total 
haemocyte count (R = -0.471, P<0.05). However, since the correlation 
coefficient was < 0.5 this indicated only a weak relationship between these 
two immune parameters, with the THC only accounting for 23% of the 
variation in phagocytic activity. A significant positive correlation was found 
between phagocytosis and cell membrane stability (R = 0.856, P<0.001), 
with the fitted regression model accounting for 73% of the variation. In 
contrast, the cytotoxic capability of the haemocytes was not significantly 
related to either cell count or membrane stability (Figure 7.4), with total 
haemocyte number only accounting for 5%, and cell membrane stability 
accounting for 21 %, of the variation in cytotoxicity. 
The phagocytic mechanism of immune function was significantly related to 
bacterial susceptibility in P. maximus (Figure 7.5; R= -0.852, P<0.001; a 
low level of phagocytosis was correlated with an increase in the presence of 
bacterial CFU with the linear regression model accounting for 73% of the 
variability in CFU counts. Whilst the relationship between cytotoxic capability 
and bacterial susceptibility was also significant (Figure 7.5: R= -0.648, 
P<0.005), cytotoxicity only accounted for 42% of the variation in CFU 
counts based on the fitted regression model. 
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Figure 7.4 Linear regression between the PAH-induced responses of immune apparatus and 
immune mechanisms in Pecten maximus. The solid line represents a linear regression, with 
dashed lines indicating 95% confidence limits. 
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7.4 Discussion 
The reproductive status of an organism can greatly impact immune function, 
with the energetic costs of gamete production likely to result in immune 
suppression (Galloway and Depledge, 2001). Such a reduction in 
phagocytosis was observed in the bivalve Crassostrea gigas during 
gametogenesis (Delaporte et al., 2006). Inhibition of phagocytosis has also 
been reported in M. edulis post-spawning (Cartier et al., 2004), when the 
haemocytes are heavily involved in gamete resorption and restructuring of 
gonad tissue (Delaporte et al., 2006). The experimental animals used here 
were identified to be at a similar reproductive stage with mature gametes in a 
pre-spawning state. Results from this study suggest that even when the 
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immune system of P. maximus is uncompromised by reproductive energy 
requirements or alternative haemocyte functions, immune function can be 
impaired as a result of sublethal phenanthrene exposure. 
The immunopathological and immune function alterations of P. maximus 
following PAH exposure were shown to ultimately impair the organism's 
capacity for bacterial clearance. Previous studies have also reported reduced 
bacterial clearance in bivalves as a result of contaminant exposure. The 
mussel M. edulis exposed to tributyltin, dibutyltin and untreated sewage 
waste exhibited a reduced capacity for bacterial elimination when injected 
with Vibrio anguillarum (St-Jean et al., 2002b; Akaishi et al., 2007). The PAH 
benzo(a)pyrene also causes impaired clearance of Flavobacterium sp. in the 
clam Mercenaria mercenaria (Anderson et al., 1981). 
The phenanthrene-induced immunomodulation observed here may indicate a 
potential for increased disease susceptibility. The reduced 
immunocompetence may aid the proliferation of bacteria already present in 
the organism, as suggested for oil-exposed oysters (Barszcz et at., 1978). In 
addition, contaminant exposure can increase the pathogenicity of bacterial 
strains as reported for copper-exposed mussels challenged with 
Vibrio tubiashi (Pipe and Coles, 1995). A pollutant-induced increase in 
bacterial virulence was also reported for Pekinsus marinus infections in the 
oyster Crassostrea virginica following exposure to the WAF of 
PAH-contaminated sediments (Chu and Hale, 1994). 
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Gram-negative bacteria, notably members of Vibrionaceae, are the most 
common cause of reported bacterial infections in scallops (McGladdery et al., 
2006), and are common in marine and coastal waters (Urakawa and Rivera, 
2006). Despite most vibrios being largely non-pathogenic to adult bivalves, 
they are considered a useful model for pathogen clearance assays (St-Jean 
et al., 2002b). The results from this study suggest an increased susceptibility 
of phenanthrene-exposed scallops to bacterial infection, demonstrated by a 
reduced capacity for elimination of V. pectenicida. In adult P. maximus, 
V. splendidus induces shell deposits of conchiolin, deforming the scallop 
shell and showing signs of debilitating disease (Lambert et al., 1999). Other 
Vibrios also inhibit filtration rate in infected bivalves (Birkbeck et al., 1987) 
which in turn will have consequences for energy acquisition and metabolic 
function. 
Whilst most bacteria associated with adult scallops do not cause mortalities 
in the organisms themselves, a number of species including V. chloerae, 
V. vulnificus and V. parahaemolyticus are well known human pathogens 
(Nishibuchi, 2006). Therefore, if reduced immunocompetence of P. maximus 
resulted in the infection by such strains, contaminated animals would not be 
permissible for consumption, having economical effects for the fisheries and 
aquaculture of this commercial species. 
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Measurements of immune parameters have potential as ecotoxicological 
monitoring tools to provide early warning indicators of environmental stress; 
however it is of added value if their ecological relevance can also be 
demonstrated. To assess the potential for disease incidence from pollution- 
induced stress, through the use of biochemical and cellular perturbations in 
immunity, it is essential to determine the relative importance of such immune 
modulations on the ability to eliminate pathogenic bacteria (Livingstone et al., 
2000). Suggestions of a link between suppressed immune function and 
impaired bacterial elimination have been proposed (Akaishi et al., 2007); 
however, no attempt has yet been made to directly elucidate the relationship 
between immune biomarker responses and bacterial susceptibility. Using a 
tiered system to assess immune function within individual organisms, the 
results from this chapter demonstrated a clear relationship between 
immunopathological changes and mechanistic immune function. Alterations 
in haemocyte membrane stability subsequently reduced the phagocytic 
activity of these cells. These cellular perturbations appear to contribute 
toward a limited capacity for bacterial elimination, with a strong correlation 
between reduced phagocytosis and impaired bacterial clearance. 
Phagocytic activity, haemocyte counts and cell membrane stability are widely 
used immune parameters within ecotoxicology. The results obtained in this 
chapter show that these quick, simple, cost-effective and non-destructive 
techniques are reliable indicators of bacterial susceptibility. In addition, these 
parameters have been shown to be sensitive measures in detecting 
immunotoxicity associated with PAH and oil exposure. With the continued 
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increase in offshore oil exploration continued efforts are being made to 
assess and reduce the environmental impact of such activities. The immune 
parameters studied here may therefore be useful in assessing sublethal 
effects of other wastes associated with offshore oil production and will be 
used in the next chapter to assess the impact of water-based drilling mud. 
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Chapter 8 
Ilmenite-weighted water based drilling 
mud: effect on cellular immune function in 
the scallop Pecten maximus 
The results from this chapter were presented at the 15k" International 
Symposium on Pollutant Responses in Marine Organisms (PRIMO15), 
Bordeaux, France, May 2009 (poster presentation). 
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8 Ilmenite-weighted water based drilling mud: effect on 
cellular immune function in the scallop Pecten maximus 
8.1 Introduction 
Offshore oil exploration requires the use of drilling mud to lubricate the drill 
string, control internal pressure, stabilise the well and carry drill cuttings to 
the surface (Carroll et al., 2000; Scholten et al., 2000; Breuer et al., 2004). In 
the North Sea, oil exploration and production has seen the use of oil-based 
mud (OBM), synthetic-based mud (SBM) and water-based mud (WBM) 
(Breuer et al., 2004). Previous discharges of OBM resulted in extensive long- 
term damage to benthic communities as a result of oil toxicity; a reduction in 
macrofaunal abundance and species number was observed in the vicinity of 
a North Sea OBM discharge (Daan et al., 1990). The impact of the OBM on 
the benthic community was still apparent 3 years after the discharges had 
ceased, with reduced species diversity and a decreased total biomass 
compared to sites outside the discharge area (Kröncke et al., 1992). Also, 
there have been concerns over the environmental acceptability of some SBM 
components, which resulted in a zero discharge policy of both OBM and 
SBM being introduced in the North Sea in December 2000 (Breuer et al., 
2004). Currently, only cuttings from sections drilled with WBM can be 
discharged into the marine environment, yet they still account for around half 
the total cuttings produced (Schotten et al., 2000); around 80 000 t y-1 are 
discharged into the sea from offshore drilling on the Norwegian continental 
shelf (OLF, 2006). Upon discharge, WBM separates into two plumes, with 
90 % (by weight) of the material descending through the water column and 
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accumulating on the sea floor (Barlow and Kingston, 2001). It is estimated 
that drilling mud is diluted to concentrations in the range of 10-50 mg 1-1 in 
the lower 10 m of the water column at a distance of 500 m from the release 
site (Bechmann et al., 2006), with concentrations reduced to < 10 mg 1-1 at 
distances greater than 1 km from the discharge (Neff, 1987). 
Barite (BaSO4) has been used extensively in the oil industry as a weighting 
material in WBM (Ruus et at., 2005) and, with a high specific gravity (4.2), 
contributes directly to discharged materials accumulating on the seafloor. 
Although barite is listed as posing little or no risk to the environment 
(OSPAR, 2004), elevated levels of barium have been recorded in 
invertebrates in the vicinity of oil installations (Sadiq et al., 1990). Barium 
accumulation was also observed along with elevated levels of lead and 
aluminium in the polychaete Nereis diversicolor and the gastropod Hinia 
reticulata following exposure to barite-spiked sediments (Schaanning et al., 
2002; Ruus et at., 2005). Biological impacts of barite have been reported in 
various molluscs; gill damage was reported in Cerastoderma edule and 
Macoma baithica, and a reduced scope for growth was reported in 
Piacopecten magellanicus (Cranford et at., 1999). Exposure of Mytilus edulis 
and Pecten maximus to pure barite (23 mg ml-') and WBM weighted with 
barite (0.5-20 mg ml") resulted in reduced lysosomal membrane stability and 
scope for growth, and increased oxidative stress in both bivalves, whilst 
P. maximus also showed an increased level of DNA damage (Bechmann et 
al., 2006). 
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Since concerns have been raised over the environmental impact of barite, 
mainly linked to its metal content (Neff, 2005), alternative weighting materials 
have been proposed. The crystallised form of iron titanium oxide (FeTiO3), 
known as ilmenite, has been recommended for use as a weighting material 
in oil-drilling operations. The high specific gravity (4.7) of ilmenite would 
mean that in WBM discharges, ilmenite would descend through the water 
column similarly to barite and deposit on the seafloor, where drilling muds 
are considered to pose the greatest impact on benthic biota (Neff, 1987). 
However, ilmenite is used as a much finer particulate than barite (Barlow and 
Kingston, 2001) and has lower metal concentrations (Neff, 2005). 
Considered to pose little or no risk to the environment, ilmenite has been 
proposed as a replacement for barite in drilling mud discharged into the 
North Sea (OSPAR, 2004), but as yet little information is available on the 
effects of ilmenite on benthic biota. Benthic filter feeders are considered the 
most at risk from effects of drilling mud discharges (Neff, 2005), and previous 
studies have shown scallops to be particularly sensitive to such wastes 
(Cranford et al., 1999). The aim of the work in this chapter was to investigate 
the effect of ilmenite-weighted WBM on the cellular immune response of 
P. maximus following a long-term chronic exposure. 
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8.2 Materials and methods 
8.2.1 Experimental design 
Cultured P. maximus (100-120 mm in shell length) from Toskasundet, 
Radoy, Norway (60°38'N, 4°59'E) were purchased through Helland Skjell 
AS, Norway. Animals were maintained in a continuous flow system (CFS) 
with filtered seawater (9 ±1 °C) for 5 weeks prior to the exposure. 
Organisms were exposed to used WBM with ilmenite as the weighting 
material in a CFS system, at 3I min-', to simulate conditions in the water 
column following offshore drilling operations (Bechmann et al., 2006). A 
stock solution of ilmenite weighted WBM, diluted in FSW (50 g I-'), was 
stored in a header tank and maintained in suspension using a propeller. The 
stock solution was then carried through Teflon tubing (1.9 mm 0) to the 
exposure tanks (500 I) using a peristaltic pump (Figure 8.1a). Scallops were 
exposed to a nominal concentration of 4 mg 1-1 (dry weight) ilmenite WBM 
and a FSW control for 100 days. In addition, exposed organisms were 
transferred to FSW for a 30 day post-exposure recovery period. All treatment 
tanks were maintained at 9±1 °C and scallops fed daily using the micro- 
algae concentrate, Instant Algae® Shellfish Diet. 
8.2.2 Chemical measurements 
Samples of the WBM and scallop tissue were prepared for metal analysis 
through acid digestion (7 M HNO3 at 120 °C for 30 min) and metal 
concentrations were determined using ICP-MS as described in Section 2.3.3. 
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The particle concentration in the exposure tank was determined using a 
Whatman GF/F 0.7 pm filter weighed prior to filtration, and again after drying 
at 80 °C for 24 h. Particle size distribution of the ilmenite WBM was carried 
out using laser analysis (Mastersizer 2000, Malvern Instruments, UK) to 
measure particle diameters in the range of 0.02-2000 pm. 
Fý 
Figure 8.1 (a) Experimental set up for the exposure of Pecten maximus to suspended ilmenite- 
weighted WBM (4 mg 1-1) in a continuous flow system. 
8.2.3 Biological measurements 
After 100 d exposure to ilmenite WBM, haemolymph was extracted from 10 
scallops from both the control and ilmenite WBM treatments. Ten further 
scallops were sampled after a 30 d recovery period in FSW. Total haemocyte 
counts (Section 2.2.4.1), plasma protein concentration (Section 2.2.3), cell 
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membrane stability (Section 2.2.4.2) and phagocytic activity (Section 2.2.5.1) 
was then determined. 
8.2.4 Statistical analysis 
After checking for homogeneity of variance, univariate analyses were carried 
out using one-way ANOVA or Kruskal-Wallis where appropriate. Fisher's 
LSD post-hoc pairwise comparisons were conducted to identify where 
significant differences occurred at the 95% confidence level. 
8.3 Results 
8.3.1 Chemical measurements 
The concentration of WBM in the exposure tanks was 3.7 ± 0.34 mg 1-1, 
representing > 90% of the desired nominal concentration. The majority (85%) 
of the ilmenite WBM consisted of particles less than 15 pm in diameter with a 
volume-weighted mean particle size of 9 pm (Figure 8.2). 
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Figure 8.2 Size distribution of particles in ilrnenite WBM (mean particle size =9 Nm). 
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Despite a low metal loading of the ilmenite WBM, Al, Fe, Ni, Ba, and Pb 
concentrations were elevated compared to sediment metal content reported 
for marine sites (Table 8.1). Despite Al being the dominant metal in the 
4 mg 1-' ilmenite WBM exposure (Table 8.2), Fe and Ba were measured at 
much higher concentrations than Al in the tissues of P. maximus after 100 d 
exposure to ilmenite WBM (Table 8.2); this is reflected by the higher 
bioconcentration factors shown in Table 8.2 for Fe and Ba compared to that 
for Al. 
Table 8.1 Metal concentration (mg kg') in ilmenite WBM and metal loading of sediments from 
marine sites. NR = not reported. 
metal 
ilmenite WBM 
(current study) 
marine sediments 
Stevenson, 2001 Rezende et al., 2002 
Al -25000 NR 3200 
Fe 24711 NR 4400 
Ni 39.1 12 <0.1 
Ba 3730 336 63 
Pb 10.3 15 4.1 
Table 8.2 Metal exposure concentration (ppb) and Pecten maximus tissue concentration (ppb) 
following exposure to 4 mg I" ilmenite WBM for 100 d. The bioconcentration factors (BCF) for 
these metals have also been calculated according to Mountouris et al. (2002). 
metal 
'exposure concentration 
ilg kg 
1 (CEXPOSURE) 
2tissue concentration 
µg kg-' (CBIOrA) 
BCF 
(CBIOTA/CEXPOSURE) 
Al 100 54680 547 
Fe 99.0 283980 2868 
Ni 0.16 770 4813 
Ba 14.9 183290 12301 
Pb 0.04 500 12500 
'Calculated values based on 4 mg I ilmenite drilling mud nominal exposure 
Total content measured in Pecten maximus gonad and gill. 
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Following the long-term ilmenite WBM exposure, metals were accumulated 
in the gonad to a much greater extent than in the gills (Figure 8.3), with the 
exception of Fe, which was measured at similar concentration in the gonad, 
(148 mg kg-1) and gill (136 mg kg-1) (Figure 8.3). The metal concentrations in 
the gonads were significantly elevated for all 5 metals (Table 8.3) compared 
to the control scallops, with increased levels of Fe, Ni and Pb persisting even 
after a 30 d recovery period in FSW (Table 8.3). 
Table 8.3 Significantly elevated (T) metal concentrations in the gonad of Pecten maximus 
following a 100 d ilmenite WBM exposure and a 30 d recovery period. A dashed line (-) 
indicates metal concentrations were not significantly different from the control. The Kruskal- 
Wallis (H) test statistic and associated probability is also detailed. 
metal 
test statistic and associated 
probability 
treatment 
ilmenite exposed 30 d recovery 
Al HZ, 24=15.41 P<0.001 
Fe HZ, 24=15.10 P<0.001 T T 
Ni H2,24=17.38 P<0.001 T T 
Ba H2,24 =15.97 P<0.001 
Pb H2,24=15.99 P<0.001 T T 
8.3.2 Biological measurements 
The highest haemocyte count (12.6 x 106 ml") was observed in scallops 
following 100 days exposure to 4 mg 1"' drilling mud (Figure 8.4a), although 
this was not significantly different from cell counts in control organisms 
(F2,27: -- 0.17, P=0.848). Plasma protein was also unaffected by exposure to 
the drilling mud (F2,27 = 1.29, P=0.292) with concentrations ranging from 
1.31 mg ml-' in the control group to 1.58 mg MI-1 in the exposed organisms 
(Figure 8.4b). Long-term drilling mud exposure did, however, significantly 
reduce the cell membrane stability of P. maximus haemocytes (F2,27 = 12.16, 
P<0.001) to 39% of the control value (Figure 8.4c; 0.164 OD mg -1 protein). 
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A significant inhibition of phagocytosis was also recorded in exposed animals 
(F2227 = 9.59, P<0.001), with a mean phagocytic activity of 11.8 x 107 
particles mg-1 protein compared to 18.8 x 107 in control scallops (Figure 
8.4d). Despite the significant reduction in these parameters, measurements 
obtained following a 30-day post-exposure recovery period, indicated both 
cell membrane stability and phagocytosis had returned to control levels 
(Figure 8.4c and d). 
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Figure 8.4 Biological responses of Pecten maximus following a 100 d ilmenite WBM exposure 
and 30 d recovery period. Results are expressed as mean values ±1 SE (n = 10) for (a) total 
haemocyte count (THC), (b) plasma protein concentration, (c) cell membrane stability and (d) 
phagocytic activity. Significant differences are denoted by different uppercase letters. 
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8.4 Discussion 
Weighting materials, such as barite or ilmenite, normally make up at least 
90% of the drilling mud composition (Bechmann et al., 2006). However, 
these materials can also contain trace metal impurities (Neff, 2005) such as 
the metals measured in the ilmenite WBM used here. Whilst ilmenite 
reportedly contains lower levels of trace metals than other weighting 
materials (Neff, 2005), these levels are still elevated compared to those 
recorded in marine sediments (Stevenson, 2001; Rezende et al., 2002), 
suggesting that ilmenite may be a source of metal contamination in 
discharge areas. These metals contained in ilmenite may have a biological 
impact if they are available to the organism, resulting in toxic effects (Neff, 
2005). The elevated metal content measured in the gonads of P. maximus 
after long-term exposure to ilmenite WBM, indicated that the metals were 
taken up by the scallops. It should be noted that the metals are also likely to 
have accumulated in the digestive gland of the organism (not measured 
here), and therefore the total metal body burden may be much higher than 
what is reported for the sum of the gonad and gill content. The availability of 
metals results in high concentrations in biota through bioconcentration of 
metals from the surrounding phases (Mountouris et al., 2002). In the current 
study, metals may have been taken up by the scallops in the dissolved 
phase (due to leaching from the ilmenite) or adsorbed onto the drilling mud 
particles. Through these routes of uptake Fe and Ba, with higher 
bioconcentration factors (BCFs), accumulated to the highest concentrations. 
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Numerous studies have demonstrated the immunotoxic effects exerted by 
metals in the bivalves Mytilus edulis (Coles et al., 1995; Pipe et al., 1999; 
Sauve et al., 2002), Crassostrea gigas (Gagnaire et al., 2004) and Mya 
arenaria (Sauve et al., 2002). The results from the present study 
demonstrated a reduced immunocompetence with an increased metal body 
burden. Indeed, metals detected in the ilmenite WBM used here have also 
been shown to have immunotoxic potential, with reduced immune activity 
observed in Pb-exposed M. edulis (Nieto-Fernandez et al., 2000). Pb 
exposure also causes lipid peroxidation in the mussel Perna viridis (Prakash 
and Rao, 1995); such oxidative damage has been linked to compromised cell 
membranes and reduced phagocytic capacity in P. maximus (Chapter 5). Ni, 
present in the ilmenite WBM, also impairs immune function with decreased 
phagocytic activity in the crab Scylla serrata (Vijayavel et al., 2009). 
Whilst the metal content may be contributing towards the observed reduction 
in cell membrane stability and phagocytosis, immunotoxic effects previously 
reported for Ni and Pb were observed at much higher exposure 
concentrations than those in the current study. In addition, the trace metals 
present in the ilmenite, whilst taken up by the scallops, may not be 
bioavailable; the accumulation of metals within an organism does not provide 
information on their biological reactivity. The particle bound fraction of 
metals may be non-toxic to the animal or it may become bioavailable through 
desorption which has been reported to occur in the gastrointestinal tract of 
other filter feeders (Wettens et al., 2000). The measured body burdens also 
do not take into account the ability to metabolise, sequester, detoxify, and 
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store these metals (McGeer et al., 2003), and most accumulated metals 
remain in the tissues as insoluble, inert forms reducing the potential for 
adverse effects (Neff, 2005). Most metals associated with the weighting 
material of drilling mud have low bioavailability (Schaanning et al., 2002) and 
are, therefore, unlikely to be the main contributor to the impaired immune 
function observed here. This is also supported by the immune parameters 
returning to control levels after the recovery period, despite body burdens of 
Fe, Ni and Pb remaining elevated. 
The physical characteristics of the fine particles in the drilling mud may 
contribute towards the observed reduction in cell membrane stability and 
phagocytosis in P. maximus. Due to the large upper size limit on particle 
selection in the gills of P. maximus (>200 pm), this scallop can ingest most 
suspended particles (Beninger and Le Pennec, 2006), and has a low 
rejection efficiency for non-organic particles less than 10 pm (Berland et al., 
2006). With a mean particle size of 9 pm in the ilmenite WBM, these drilling 
mud particles are likely to be easily taken up by the scallops. Once within the 
organism, scallops may enclose the particles within haemocytes (Berland et 
al., 2006), using this phagocytic process as a mechanism to remove particles 
from the epithelial surface (Beussink, 2007). This phagocytic removal of the 
drilling mud particles may then limit the capacity to phagocytise the zymosan 
particles used in the phagocytosis assay of the current study. 
Optimum particle size for feeding in P. maximus is 5-6 pm (Berland et al., 
2006), and therefore the scallops exposed to ilmenite WBM may be taking up 
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drilling mud particles rather than the algae provided as a food source in the 
experimental setup. Such small inorganic particles can impact the ciliary 
activity of the gills (Stevens, 1987) reducing the feeding rate (Cranford and 
Gordon, 1992). If the uptake of ilmenite WBM particles resulted in a similar 
reduction in the feeding rate, the energy available for such immune 
processes would be limited, possibly contributing towards the observed 
reduction in immune function. 
Results obtained here demonstrated that although ilmenite WBM contains 
relatively low concentrations of metals compared to other weighting 
materials, its metal content is still higher than levels recorded in marine 
sediments, suggesting it may be a source of metal contamination in 
discharge areas. Whilst ilmenite is considered to pose little or no risk to the 
environment, altered immune function was observed in P. maximus exposed 
to relatively low concentrations (4 mg 1-1) of ilmenite WBM; a concentration 
expected to be found at distances greater than 1 km from the discharge site. 
Whilst this may, in part, be a result of metal toxicity, the low bioavailability of 
metals in weighting materials, means the observed immunotoxic effect is 
likely to be largely attributed to the physical characteristics of the drilling mud 
particles. 
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9 General Discussion 
This thesis focused on evaluating the immunotoxic effects of oil-related 
compounds on the Arctic and temperate scallops, Chlamys islandica and 
Pecten maximus. The multifaceted nature of the immune system offers 
potential for the development of a large number of assays to determine 
immunocompetence (Livingstone et al., 2000). The parameters used in the 
experimental chapters (Table 9.1) focused on the cell-mediated immune 
functions which are reported to be more sensitive to stress than humoral 
factors (Auffret, 2005). The wide range of components that make up the 
invertebrate immune system would render it impractical, if not impossible, to 
attempt to measure all immune parameters (Livingstone et at., 2000). 
Therefore, the assays used in this research were chosen to include immune 
apparatus, immune function and immune efficiency (Table 9.1). These 
immune parameters allowed the use of a hierarchical approach to determine 
immunocompetence, similar to that adopted to assess the integrated 
functioning of the vertebrate immune system (Luster et at., 1988). 
Table 9.1 Comparison of the hierarchical approach used to assess invertebrate 
immunocompetence, adopted in this thesis, with the tiered vertebrate testing system 
(adapted from Galloway and Goven, 2006). 
Tier Level of organisation Invertebrate measurement Vertebrate measurement 
1 Immune apparatus Total haemocyte count, cell Haematology, leucocyte proliferation 
membrane stability 
2 Mechanisms of immune function: 
" cell-mediated response Phagocytic activity Phagocytic activity 
Cytotoxic capacity T-cell cytotoxicity, natural killer cell activity 
" humoral factors Alkaline phosphatase Plaque forming assay, enzyme-linked 
immunosorbent assay (ELISA) 
3 Immune efficiency Bacterial clearance Bacterial, viral and parasitic infection 
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9.1 Mechanisms of immunotoxicity 
Biological-effect studies that focus on alterations at the cellular and 
biochemical level often help to provide a mechanistic understanding of 
toxicity (Hinton et al., 2005). The current research suggests that a 
contaminant-induced peroxidative challenge may be a contributing factor in 
the mechanism of immunotoxicity. This mechanistic link has already been 
proposed in vertebrates (Koner et at., 1997; Koner et at., 1998), but had not 
been previously demonstrated in bivalves, which are commonly used in 
invertebrate immunotoxicology (Auffret, 2005). Due to the observed effects of 
PAH exposure on cell membranes, it was hypothesised that PAH exposure 
may impair immune function by altering cell membrane receptors (as 
reported by Sami et at. (1993)) and therefore interfere with the ability to 
recognise the pathogen-associated molecular pattern (PAMP) of invading 
microorganisms. However, results obtained here demonstrated that the 
ability of P. maximus to recognise and respond to a PAMP was not impaired 
by sublethal phenanthrene exposure, indicating damaged cell membrane 
receptors are probably not a mechanism of PAH immunotoxicity. 
9.2 Immune modulation in Arctic and temperate bivalves 
The immunotoxic effects of oil exposure observed in the Arctic species 
C. islandica, during the studies of this thesis, are similar to those reported for 
temperate bivalves. In addition to laboratory oil exposures causing a reduced 
immune function in the temperate oyster Crassostrea gigas (Bado-Nilles et 
al., 2008; Bado-Nilles et al., 2009), immune suppression was also reported in 
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Mytilus spp. following the Prestige (Novas et al., 2007) and Sea Empress oil 
spills (Dyrynda et al., 1997b). However, it is difficult to establish whether the 
immunotoxic effects of oil are comparable among the organisms detailed 
above, as different exposure scenarios and concentrations were used. In 
addition, the above studies used different bivalves as their test organism, 
which may have different baseline immune responses (Wootton et al., 
2003b) and can vary in their susceptibility to immunotoxic contaminants 
(Wootton et al., 2003a). Therefore, conducting an exposure using both Arctic 
and temperate species of the same type of bivalve, is essential to be able to 
directly compare any differences in sensitivity between organisms from these 
two regions. Only when such work has been carried out can it be determined 
whether extrapolating data based on temperate species is a valid approach 
for assessing the risks of oil production in Arctic regions. 
When determining the possible differences between Arctic and temperate 
species in their susceptibility to oil pollution, it is important to consider that 
the effects of an oil spill may also vary due to the environmental factors. The 
low temperatures in Arctic regions may alter the behavior of oil, as oil 
dissolution is temperature dependent (Payne et al., 1991). During winter, 
photochemical degradation of petroleum hydrocarbons may be more 
restricted in the Arctic compared with temperate regions due to the former 
experiencing <50% of the annual solar radiation received by temperate areas 
(AMAP, 1998). However, during summer months there may be an increase 
in the degradation of spilled oil due to the increased UV radiation associated 
with ozone depletion in polar regions (Rozema et al., 2005). In addition, the 
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interaction with sea ice may not only alter oil dispersion, but oil trapped under 
an ice layer will have inhibited evaporation of volatile components, 
prolonging its toxicity (Engelhardt, 1994). These abiotic factors influence the 
distribution, composition and physical state of the oil, which in turn 
determines the bioavailability of its components. Therefore, future work 
should focus on the environmental fate of oil and the bioavailability of its 
components in Arctic regions, as this will inevitably play a key part in the 
biological effects of oil spills. 
9.3 Immunotoxicology: environmental risk assessment and 
biomonitoring 
At present, environmental risk assessment (ERA) is the widely accepted 
process on which environmental management decisions are based. ERA 
consists of four main steps: hazard identification, dose-response 
assessment, exposure assessment and risk characterisation (Figure 9.1). 
The results obtained from the studies of this thesis contribute towards the 
first stage in the ERA procedure through identification of the immunotoxic 
effects of dispersed oil and a simulated oil spill on C. islandica; these 
biological-effect studies are an essential part of establishing the risks 
associated with increased oil production in Arctic and Sub-arctic regions. 
Whilst immunocompetence assays have been recognised as promising tools 
for biomonitoring (ICES, 2007), in field situations, it can be difficult to assess 
the extent to which immunotoxicity has occurred due to the inherent 
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Scientific data 
Laboratory studies on 
adverse effects 
Laboratory studies to 
determine dose- 
response relationship 
Field studies, 
estimated exposure 
Environmental Risk Assessment 
1. Hazard identification: 
Does the substance cause 
adverse effe cts? 
2. Dose-response assessment: 
What is the relationship between 
dose and adverse effect? 
4. Risk characterisation: 
What is the estimated incidence 
of adverse effects occurring? 
3. Exposure assessment: 
What exposures are predicted? 
Figure 9.1 The Environmental Risk Assessment process for chemical substances: 
linking ecotoxicological research to environmental decision making (adapted from US 
EPA, 2010). 
multifactoral nature of the immune system (Galloway and Depledge, 2001). 
Stimulation or inhibition of an organism's immune parameters may be 
sensitive to the presence of pathogens (Parry and Pipe, 2004), 
environmental temperature (Liu et al., 2004; Monari et al., 2007), and 
contaminant exposure period and concentration (Hannam et al., 2009b). 
These factors will inevitably lead to variation in an organism's immune 
response in the field. Therefore, the use of an immune index to describe the 
combined results of different immune parameters was proposed by Auffret et 
al. (2004). Each immune parameter was assigned an ecophysiological 
significance factor (EPSF); a weighting based on the perceived ecological 
importance of changes in the given parameter. The immune index was then 
calculated as the cumulative variation of each immune response from a 
reference value, which was then multiplied by the assigned EPSF. This 
immune index has been used in field studies to assess the 
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immunocompetence of bivalves at different sites (Auffret et al., 2004; Auffret 
et al., 2006). Such an approach requires the collection of species-specific 
baseline data over long-term surveys. Whilst this was beyond the scope of 
this PhD, obtaining such base-line data on C. islandica is an essential next 
step if this species, proposed as a Sub-Arctic sentinel species (Baussant et 
al., 2009), is to be used in biomonitoring studies. 
As with most biomarkers, measurements of individual immune parameters 
are only of environmental relevance if changes in these parameters 
ultimately impair organismal function, which in turn will impact at higher 
levels of biological organisation (Depledge and Fossi, 1994). Due to the 
range of parameters that contribute towards the invertebrate immune 
response there is likely to be some degree of redundancy in the various 
mechanisms (Galloway and Depledge, 2001). Therefore, it is difficult to 
determine the extent to which individual immune parameters must be altered 
to result in increased disease susceptibility. Despite this, results from this 
thesis provide evidence that compromised immune cells, with reduced cell 
membrane stability, result in a reduced phagocytic activity. With 
phagocytosis the major immune mechanism in bivalves (Auffret, 2005), low 
phagocytic activity ultimately impaired host resistance, with organisms 
demonstrating a reduced capability for bacterial elimination. The correlation 
between individual immune parameters and bacterial clearance gives a good 
indication of which parameters are closely associated with bacterial 
susceptibility (Galloway and Depledge, 2001) providing essential information 
on which parameters are useful in assessing immunocompetence. 
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In order for immune assays to be used successfully as biomonitoring tools, 
the influence of other abiotic and biotic factors on immune function must be 
considered. Physiological factors that can affect immune function include 
reproductive stage (Pouvreau et al., 2003; Cartier et al., 2004; Duchemin et 
al., 2007) and nutritional state (Hegaret et al., 2004). The developmental 
stage of an organism can also affect its immune function, with juvenile 
Carcinus maenas exhibiting lower phagocytic activity than adults of the same 
species (Dissanayake et al., 2008b). This phagocytosis was then further 
reduced after PAH exposure (Dissanayake et al., 2008b). A reduced 
immunocompetence during early developmental stages is also apparent in 
bivalves, with larval stages more susceptible to pathogenic bacteria than 
adults (Paillard et al., 2004). It would, therefore, be interesting to establish 
the effects of oil exposure on the bacterial susceptibility of C. islandica 
larvae. A contaminant-induced increase in the bacterial susceptibility of 
larvae may be of great importance to C. islandica which, due to the colder 
temperatures, have an extended larval period of up to 10 weeks before 
metamorphosis occurs (Gruffydd, 1976), compared to the temperate 
P. maximus which spends -5 weeks as planktotrophic larvae (Gruffydd and 
Beaumont, 1972). In turn, this may have a detrimental effect on the 
proliferation of C. islandica. 
The immune parameters used here have been shown to be sensitive, 
reliable markers of immunocompetence which can be directly linked to host 
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resistance. Alterations in these immune parameters also appear to be largely 
reversible, highlighting their use as early warning indicators of contaminant- 
induced stress. These immune parameters, therefore, show potential as 
tools to be used in environmental monitoring. 
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ABSTRACT 
With the current expansion of offshore oil activities in Arctic regions, there is an urgent need to establish 
the potential effects of oil-related compounds on Arctic organisms. As susceptibility to growth, disease 
and survival is determined partly by the condition of an organism's immune system, measurement of 
endpoints linked to the latter system provide important early warning signals of the sub-lethal effects of 
exposure to contaminants This study assessed the impact ofdispersed oil exposure on immune end points 
in the Arctic Scallop Chlamys tslandlca. using a combination of cellular and humoral biological responses. 
Laboratory exposures of C islandica to sub-lethal dispersed oil concentrations (0.06 and 0.25 mg 1-') were 
conducted over 15 days, followed by a 7-day recovery period inclean, filtered seawater. Cellular endpoints 
were significantly altered following dispersed oil exposure: haemocyte counts (P< 0.01 )and protein levels 
(P< 0 01) were significantly elevated, whilstcell membrane stability (P< 0.001) and phagocytosis (P < 0.01) 
demonstrated a significant reduction. Whilst these results indicate alteration in the immune endpoints 
measured, this appears to be reversible upon removal of the contaminant stress. However, the impact 
of long-term continuous exposure and high-level acute exposure to oil is still unknown. and may have 
consequences for disease resistance and hence survival. 
, C2009 Elsevier B. V. All rights reserved. 
1. Introduction 
Oil is a ubiquitous contaminant throughout the marine environ- 
ment with at least 20.000tyear-' entering marine systems from 
offshore oil production alone (GESAMP, 2007). Although there has 
been rapid progress towards monitoring and assessing the impacts 
of oil on the coastal environment, most work has focused on the 
use of temperate species (Laffon et at., 2006: Francioni et aL, 2007: 
Culbertson et al.. 2008; Hylland et al., 2008). With the expansion 
of oil exploration in Arctic and Sub-Arctic regions. notably the Bar- 
ents Sea and the North Alaskan Slope (Ah1AP, 1998', there is an 
urgent need to develop methods to assess the potential impact of 
oil on Arctic species. The ecological impact of oil in cold-water 
environments may vary from those observed in temperate and 
tropical regions as a result of environmental and biological fac- 
toi s characteristic of the Arctic environment. For example, the low 
temperatures of Arctic regions may alter the behaviour of oil, as 
oil dissolution is temperature dependent ; Payne et at., 1991 ). Also, 
photochemical degradation of petroleum hydrocarbons is more 
restricted in the Arctic compared with temperate regions due to 
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the former region experiencing <50% of the annual solar radia- 
tion received by temperate areas (AMAP. 1998). Finally, interaction 
with sea ice may not only alter oil dispersion, but oil trapped 
under an ice layer will have inhibited evaporation of volatile com- 
ponents, prolonging its toxicity (Engelhardt, 1994). These abiotic 
factors influence the distribution, composition and physical state of 
oil, which in turn determines the bioavailability of its components. 
Cold-water marine invertebrates also possess adaptations enabling 
survival at low temperatures: these include low respiration rates 
(Ahn and Shim, 1998), altered cell membrane composition (Gillis 
and Ballantyne. 1999) and increased antioxidant defences (Regoli 
et al., 2000). The combination of altered chemical behaviour of oil 
at low temperatures. together with the biological adaptations of 
cold-water species, may affect the susceptibility of Arctic organ- 
isms to oil-induced damage. In addition, biological recovery from 
such damage is predicted to be much slower than in temperate sys- 
tems: a result of the low growth rates, higher generation turnover 
times and increased age at maturation that are characteristic of 
many Arctic organisms (AMAP, 1998). 
It is difficult to extrapolate how oil will impact on Arctic organ- 
isms from what has been reported for temperate species. Whilst 
oil can be acutely toxic to marine organisms, disruptions in essen- 
tial homeostatic mechanisms, such as the immune system. can also 
occur as a result of sub-lethal exposures (Pipe et al., 1999). Due 
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to its complexity and integration with other physiological systems. 
the immune system is extremely vulnerable to xenobiotic stress 
(Galloway and Goven. 2006), and there is increasing evidence that 
numerous environmental contaminants impact immune function 
in a range of organisms (Galloway and Depledge. 2001; Auffret et 
al., 2002). A severely compromised immune system can result in 
rapid mortality, however, subtle changes in its function can be used 
as early warning indicators of environmental stress and, therefore, 
immune function Is important in assessing the sub-lethal effects of 
contaminant exposure (Luengen er al., 2004}. 
Bivalves are good candidates for immunotoocicology studies and 
have been studied widely (Pipe et at, 1999; Canesi et al, 2003; 
Wootton et at., 2003b; Cartier et at., 2004; Gagnaire et at, 2004; 
Auffret. 2005; OrdUs et al.. 2007). The Arctic Scallop, Chlamys 
islandlca. is the northernmost member of family Pectinidae dis- 
tributed widely throughout the Sub-Arctic transitional zone of the 
North Atlantic (T orarinsddttir. 1993) and has been successfully 
used in previous biomarker studies focusing on oxidative stress 
(Camus et at.. 20021 With a low metabolic rate, scallops accu- 
mulate pollutants in their tissues to an even greater extent than 
other bivalves, including the common sentinel species Mytilusedulls 
(Young-Lai and Aiken. 1986). The aim of this study was to determine 
the effect of dispersed oil exposure on the immune function of the 
Arctic Scallop C. lslandlcn. 
2. Materials and methods 
2.1. Experimental design 
2.1.1. Animal collection and handling 
In March 2007. Arctic Scallops, C islandlca (80-10omm shell 
length), were hand collected by divers from Porsanger Norway 
(7o°11N. 25°1'E), and transported by air to the exposure facility at 
IRIS-Biomiije in Stavanger. Norway (58°57'N. 5°43'E). The scallops 
were packed prior to flying Ina polystyrene fish box, lying between 
two layers of damp dense foam. They were met from the flight and 
transported directly to the lab (total transit time -. 6h). No mor- 
tality was recorded during transportation. Upon arrival, organisms 
were transferred to 6001 fibreglass tanks with a continuous flow 
(7.51 min-1) of 36 PSU filtered seawater (FSW) at CE 1 °C. Scallops 
were maintained in these holdingtanks and fed at regular intervals 
(instantAlgaem Shellfish Diet) W6 weeks prior to experimentation. 
2.12 Exposure setup 
organisms were exposed to dispersed Ekofisk crude oil in a con- 
tinuous flow (41min-1. checked daily) system (CFS), as described 
by Sanni et al. (1998). Scallops were exposed for up to 15 days; this 
exposure time was selected based upon earlier studies reporting 
significant sub-lethal effects in temperate species (M. edulls) fol- 
lowing exposure to dispersed oil (Aas et al., 2002) and produced 
water (Hannam et al., 2009). The dispersed oil was carried through 
Teflon capillary tubing to a header tank generating a concentration 
of S ppm and from here delivered to individual exposure tanks using 
peristaltic pumps to achieve the required nominal concentrations. 
Scallops were divided between three 6001 fibreglass tanks (-60 per 
tank) comprising three treatments: FSW control, low (0.06 mg I-1) 
and high (0.25 mg 1-1) dispersed oil Based on the OSPAR discharge 
limit of 30 mg I-t oil in produced water (OGP. 2006), the oil con- 
centrations tested here (0.06 and 0.25 mg 1-1) represent 120-soox 
dilutions of the maximum permissible level of oil in PW. and are 
comparable to the observed effect concentrations reported form 
previous studies using dispersed oil exposures (Baussant, 2004: 
Larson. 2004). Exposures were maintained at 4f0.5 °c and scallops 
fed daily using the microalgae concentrate, shellfish diet (instant 
Algae*). 
22 Chemical measurements 
22.1. Seawater RAF! analysis 
Chemical (PAH) analyses were carried out on water samples 
taken from each exposure tank after 24 h and 7 days from the start 
of the exposure. Samples were collected in 21 amber bottles con- 
taining hydrochloric acid (to maintain the pH < 2) and prepared for 
analysis within48 hofcollection. Based on the method described by 
Jonsson et al. (2004), the 16 PAHs on the USA EPA priority pollutant 
list were measured together with the alkyl homologues of naphtha- 
lene, chrysene, dibenzophiothene and phenanthrenelanthracene. 
Eight deuterated l Mis were added as quantitative internal stan- 
dards (Q)S) and mixed on a magnetic stirrer for 15 min prior to 
liquid-liquid extraction with 50 ml cyclohexane. Each extraction 
was carried out by stirring the sample and solvent on a magnetic 
stirrer for 30 min before pouring through a 2-1 separating funnel. 
The water phase was drained back into the sampling flask and 
extracted a further two times. Combined extracts were dried with 
anyhydrous NaSO4. and concentrated to 0.5 ml using a TurboVap 
500 (Zymark Corporation, USA) and transferred to glass vials for 
analysis. 
2.22. Tissue PAH anaiysls 
Analysis of PAH body burden was conducted on whole tissue 
homogenate of three individuals from each treatment after 15 days 
exposure as described by jonsson et al. (2004). An individual was 
opened and drained of seawater prior to dissecting out all soft 
tissue. Briefly, whole body tissue was macerated usingcyclohexane- 
rinsed scissors and transferred to a glass vial pre-treated at 500°C 
with Teflon Lock Cand stored at -80°C Before analysis, scallop tis- 
sue was weighed and three quantitative internal standards were 
added before saponification with methanolic sodium hydroxide 
under reflux (2h). Digest was filtered and extracted three times 
with cyclohexane. Combined extracts were purified by normal- 
phase, solid-phase extraction, concentrated to 0.5 ml and stored in 
capped glass vials for analysis. 
Water chemistry and biotic PAH analyses were conducted using 
Gas Chromatography (HP5890. Hewlett Packard. USA) connected 
to a Mass Spectrometer (Finnigan SSQ7000, USA) and analysed in 
selected ion monitoring mode (GC/MS-SIM). 
2.3. Biological measurements 
2.3.1. Hoemolymph awbe icon 
From each treatment, 10 scallops were sampled after 7 and 15 
days exposure, and remaining scallops were transferred to clean 
FSW for 7 days. After this 7 days recovery period, a further 10 
scallops were sampled from each treatment group. Haemolymph 
(approximately 0.8 ml) was extracted from the striated region of 
the posterior adductor muscle using a 21 -gauge needle. This was 
then transferred to a siliconised Eppendori and stored on ice until 
analysis to minimise cell aggregation. All assays on haemolymph 
samples were conducted in triplicate. 
2.32. Total haemocyte count (imC) 
immediately after extraction. sub-aliquots of haemolymph 
(20µl) were diluted 1: 3 with Baker's Formol Calcium (2% sodium 
chloride. 1% calcium acetate, 4% formaldehyde) to fix cells and pre- 
vent aggregation. Total haemocyte counts were then carried out 
using an improved Neubauer haemocytometer under 40x magni- 
fication. 
2.3.3. Protein concentration 
Protein concentration was determined using a modified 
microplate method (Bradford, 1976). Briefly, 5µI diluted 
haemolymph samples 11: 3 in physiological saline (0.02M HEPES. 
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0.4M NaC12.0.1 M MgSO4.0.01 M KCI, 0.01 M CaC12: pH 7.4)J were 
transferred to a microplate. 591 aliquots of a blank (physiological 
saline) and S ILl protein standards (0.2-1.0 mg ml-1 bovine serum 
albumin) were also added in triplicate. 200 KI of diluted BioRad 
reagent (1: 5 distilled water) were added to each well, and the 
absorbance at 595 nm recorded after 20min of incubation at 
20°C. 
2.3.4. Cell membrane stability 
The membrane stability of haemocytes was assessed by mea- 
suring retention of neutral red (NR) dye (Babich and Borenfreund, 
1992). Undiluted haemolymph samples (50ILI) were pipetted onto 
a microplate. After 45 min incubation at 4-C, non-adhered cells 
were removed by rinsing with physiological saline. before adding 
200µl aliquots of NR solution (0.004% in physiological saline) to 
each well. After 3h of incubation at 4 C. excess NR solution was 
removed by rinsing with physiological saline and 200µl of acidi- 
fied ethanol (1% acetic acid, 491. ethanol) was added to breakdown 
cellular membranes and resolubilise the dye. The optical density 
(OD) of the NR was measured spectrophorometrically at 540 11M. 
Protein concentration (mg ml-r )was determined as described pre- 
viously and the amount present in a 50-µ1 sample calculated, the 
OD of NR retention was then expressed as a function of this protein 
content. 
2.3.5. Phagocytosls 
Phagocytic activity of haemocytes was assessed by measuring 
the uptake of neutral red stained zymosan particles (from Saccha- 
rornyces cerevtslae) (Pipe et at., 1995). Briefly, 50µI of undiluted 
haetnolymph was pipetted onto a microplate and incubated for 
60 min at 4'C, after this period non-adhered cells were removed 
through rinsing with physiological saline. Aliquots of 50µl of dyed 
zymosan suspension (50 x 10, particles ml-t) were added to the 
microplate and incubated with the cells for 30 min at 20°C, after 
which 100 p. 1 Baker's Formol Calcium was added to fix the cells 
and stop the reaction. Excess zymosan suspension was removed 
by rinsing twice with physiological saline, before adding 100µI 
of acidified ethanol to resolubilise the dye. Phagocytic uptake of 
these dyed particles was determined spectrophotometrically at 
550 nm against a standard curve prepared using zymosan suspen- 
sions (1.56-50) x 107 particles ml-t, and expressed as a function of 
protein content in the 50 µl haemolymph sample. 
2.3.6. Alkaline phosphates (ALP) 
Alkaline phosphatase (EC 3.1.3.1) activity was measured in the 
cell-free plasma obtained by centrifuging 150µl of haemolymph 
at 200 xg for 5min (4'C). The supernatant was transferred onto 
a microplate in 40µl aliquots, and 180µl of the liquid substrate 
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Table 2 
PAIL body burdens (sg kg-' dry wt) in whole tissues of Chlamys islandica following 
exposure to low (0.06 mg I-' ) and high (0.25 mg I-' ) dispersed oil for 15 days US EPA 
priority pollutants are indicated by an asterisk (' ). Only PAHs present at detectable 
levels are shown. 
Concentration (µgkg-1) 
Low treatment High treatment 
5.16 10.41 
67.10 159.78 
70424 1392.96 
1439.14 2421.68 
857 2738 
5629 10457 
285.84 470$8 
44138 620.19 
6.86 1352 
60.97 98.49 
12042 17195 
5A3 6b8 
1038 14.14 
2J6 321 
2795 36b9 
5850 72.92 
56.42 6622 
4.06 439 
431 4.90 
336528 
p-nitrophenyl phosphate (SIGMA. UK) was added to each well. Fol- 
lowing 20min incubation at 201C, the absorbance was read at 
405 nm and activity expressed as Aabs x 100 mg-I protein. 
2.4. Statistical analyses 
Immune parameters were measured in 10 individuals (with the 
mean value of each individual calculated from the triplicate sam- 
ples) from each treatment group at each time point, with results 
expressed as mean values ±1 standard error. Univariate analyses 
were carried out using two-way ANONA; tests were performed on 
each immune parameter to determine significant differences due 
to interactions (treatment ), time) or main factors (treatment and 
time). Where differences occurred at, or above, the 95% confidence 
level, post hoc pairwise comparisons were also conducted. 
3. Results 
3.1. Chemical analyses 
Whilst the nominal concentrations of dispersed oil were 0.06 
and 0.25mgl-*, the average ý-PAHs measured in the exposure 
Table I 
PAH water concentrations (µy I-' ? in the low (0.06 mg I'' 1 and high '025 mq I-' 'i treatment tanks after 24 It and 7 day exposure. US EPA priority pollutants are indicated by 
an asterisk i't. Only PAHs present at detectable levels are shown. 
PAH 24h 
Low treatment High treatment 
7d 
Low treatment High treatment 
Naphthalene' 0.019 0 148 0.021 0.116 
Cl -naphthalene 0.085 0,587 0.110 0.522 
C2-naphthalene 0.149 0.845 0.225 0.954 
C3-naphthalene 0.072 0.432 0.133 0.628 
Fluorene' 0.000 0.019 0.000 0.021 
Phenanthrene' 0.005 O D33 0.009 0.041 
C 1-phen; anthr 0.000 0.061 0.000 0.094 
C2-pherv'anthr 0.000 0.066 0.000 0.114 
Dibenzothiophene 0.000 0.005 0.000 0.006 
C1. dibenzothiophene 0.000 0.000 0.005 0.024 
C2-dibenzothiophene 0.000 0.000 0.007 0.032 
PAHs 0.330 2 196 0.509 2.553 
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Fig, 1. Effect of dispersed oil. on biological endpoints (mean *1 SE. ) in Chlann", iJ urd , u, following 7 and 15 days exposure, and after a 7-day post-exposure recovery period 
ia) Total haemocyte count (THC'. ib ý plasma protein concentration, (c) cell membrane stability. id iphagocytic ingestion of zymosan particles and (e) alkaline phosphatase 
, ALP) activity mg protein-' Symbols indicate significant effects due to treatment Wii denotes significant difference from the control. i &) denotes significant difference from 
the low treatment ), lowercase letters indicate significant effects due to time if ai denotes a significant difference from 7 days. (b) denotes a significant difference from IS days 1 
tanks were 4.2 . 10-4 and 2.4 x 10-3 mg I-', respectively, with the 
high-treatment containing approximately six times higher EPAH 
levels than the low-treatment group. An increase in EPAHs was 
also observed between the 24-h and 7 days sampling periods for 
both the low- and high-treatment groups (Table 1). Naphthalene 
, and its alkyl homologues? accounted for a lar4e pioportion of the 
PAH content of the dispersed oil. with concentrations of the dom- 
inant PAH. C2-naphthalene. ranging from 0.149 to 0.845µg1-' in 
the low and high treatments after 24 h exposure, up to 0.225 and 
0.954 after 7 days (Table 1). Only two other priority PAHs, fluorene 
and phenanthrene. were detected in the exposure tanks. However. 
these were considerably lower. with concentrations recorded at 13% 
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(fluorene)and 22% (phenanthrene)of the naphthalene levels in the 
high-exposure treatment after 24 It 
PAHs were accumulated in the scallop tissues after 15 days expo- 
sure, with C3-naphthalene recorded at the highest concentration of 
1439 and 2422 µg kg-1 in scallops from the lowand high treatments 
respectively, reflecting the high levels of naphthalene homologues 
present in the seawater. A total of nine priority PAHs (as listed by 
the US EPA) was present in the tissues, of which the tricyclic PAH 
phenanthrene. was most strongly accumulated with a concentra- 
tion of 56 and 105 pg kg-' observed in organisms from the low and 
high treatments (Table 2). 
3.2.8lologlcal endpoints 
The number of circulating haemocytes In C. islandica was sig- 
nificantly increased following exposure to dispersed oil (FZ, at -711. 
P<0.011 Total haemocyte counts were significantly higher in organ- 
isms from the high-treatment group following 15 days exposure. 
with THC of 16.9 x 106 ml-1 compared to 11.1 x io ml-t In the con- 
trol (Fig. la). These increased cell counts did not return to control 
levels after the 7-day recovery period: THC were still significantly 
elevated, with 4.3 x 106 more cells ml-' of haemolymph relative to 
the control group. 
Exposure of C. Wandica to dispersed oil resulted in ele- 
vated plasma protein, with the highest mean concentration of 
2.39mgml-" observed after 7 days in organisms exposed to 
0.06mg1-' (Fig. Ib). Plasma protein levels were significantly dif- 
ferent (F4,91 .. 3.93. P< 0.01) with protein levels in the haemolymph 
higher in exposed organisms relative to the control after both 7a nd 
15 days (Fig. lb). However, following the post-exposure recovery 
period, there was no significant difference in plasma protein from 
both the exposed and control groups with mean concentrations 
ranging from 1.36 to I A6 mg ml-'. 
Whilst no significant change in cell membrane stability was 
observed in the control group throughout the exposure period 
(Fig. 1 c), cell membrane stability in exposed scallops was affected 
by both treatment and exposure time, with a significant inter- 
action between these two factors (F4,81-9.70. P<0.001). After 7 
days exposure, there was no significant difference in cell mem- 
brane stability between oil-treated and control scallops. Membrane 
stability was compromised following 15 days exposure to 0.06 
and 025 mg 1-1 dispersed oil, with the OD of retained neutral red 
dye significantly decreased to 66% and 40% of the control group, 
respectively (Fig. lc). This reduction in cell membrane stability 
was reversed after the post-exposure recovery period, with the OD 
significantly higher in organisms from the oil-exposed treatments 
compared to the control group, with a maximum OD of 10.90 mg-1 
protein. 
Phagocytic activity in the haemocytes of C. Islandlca was 
significantly altered during exposure to dispersed oil, with an inter- 
action between treatment and exposure time (Fyei - 4.52, P< 0.01). 
After 7 days, phagocytic ingestion of zymosan in organisms from 
the oil-exposed treatments was not significantly different from 
the control group, with phagocytosis ranging from 24.83 x 108 
to 28.33 x 109 particles mg-1 protein (Fig. Id). However, 15 days 
exposure to 0.25 mg 1-1 oil (high-treatment group) resulted in a sig- 
nificantly reduced phagocytic activity of 16.2 x l08 particles mg-1 
protein. only 48% of the level observed in the control group after 15 
days. Following the recovery period. phagocytic ingestion in indi- 
viduals from the high-treatment group (30.6 x 108 particles mg-1 
protein) had returned to control levels (Fig. 1d). a significant 
increase on that observed after 15 days exposure. 
A maximum ALP activity of 5.86 U mg-t protein was recorded 
in the plasma of oil-exposed scallops after 7 days exposure at 
0.06 mg I-1 (Fig. le). However, no significant change in ALP activ- 
ity was observed as a result of an interaction between treatment 
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and exposure time (Fi -0.59, P- 0.669), and no significant effect 
of these main factors was detected: F. i -0.19, P-0831 and 
FZin -1.29, P" 0.281 for treatment and exposure time, respec- 
tively. 
4. Dibcussioa 
An effective immune response is essential in maintaining the 
health of an organism, and may subsequently affect growth. repro- 
duction and, ultimately, survival (Blaise et al., 2002). The results 
of this study demonstrated how exposure to sub-lethal concentra- 
tions of dispersed oil alters the cellular immune function in the 
Arctic Scallop C Wandfra. 
Various contaminants have been reported to exert immunotoxic 
effects on organisms, including oil (Ordis et al.. 20(Y7) and oil- 
related components such as PAHs (Coles et al.. 1994: Wootton et al, 
2003a: Frouin et aL, 2007). The low levels of PAHs recorded in the 
seawater of the exposure tanks, relative to the nominal dispersed oil 
concentration, may reflect the partitioning of these hydrocarbons 
between the oil droplets and water (Skadsheim. 20041 The adsorp- 
tion of oil onto both the surfaces of the tank and the organisms 
themselves will also reduce the PAHs measured in the seawa- 
ter. This progressive loading of oil onto these surfaces may also 
account for the increase inEPAHs observed during the exposure 
period, with the adsorbed providing a secondary supply of PAHs 
to the seawater phase, increasing PAH concentrations over time 
(Skadshelm. 2004). 
With PAHs having high octanol-water partition coefficients 
(log K, «>3.5), they are readily taken up 
by organisms (Nielsen 
et at., 1997), and with bivalve molluscs having a limited ability 
to metabolise PAHs, they can accumulate to high levels in the 
tissues (Moore et al, 1989). The uptake of PAHs by C. tslandlca 
Is likely to be the main cause of the low W. H Lewis observed 
in the seawater, and is demonstrated by the observed body bur- 
dens. Evaluating bioaccumulation Is an important part in assessing 
the risk that contaminants pose to marine organisms. Based on 
the ratio of PAHs in biota and seawater (averaged from the low 
and high treatmentsl bloconcentration factors (BCFs) were deter- 
mined to provide an indication of the potential for bioaccumulation 
(Dimitrovet al., 2002; Arnot and Gobas, 2006). The BCFs of individ- 
ual priority PAHs ranged from 169 for naphthalene up to 5434 for 
phenanthrene, a known immunotoxicant (Wootton et at., 2003a). 
Body burden analysis also indicated the accumulation of other pri- 
ority PAHs in the tissues of C. Islandica including fluoranthene. 
pyrene. benzo(a)anthracene. chrysene. benzo(b j)fluoranthene and 
benzo(bj. k)fluoranthene, despite their concentrations in seawa- 
ter being below the detection limit. As a result. BCFs were unable 
to be calculated for these higher molecular weight hydrocarbons. 
However, with PAH hydrophobicity demonstrating a linear relation- 
ship with logK,, (Baussant, 2004). it can be assumed that these 
PAHs, some of which are reported immunotoxicants (Grundy et 
al., 1996a; Frouin et al., 2007: Bado-Nilles et al.. 20081 may be 
strongly accumulated by organisms that lack an efficient detoxi- 
fication mechanism. 
Haemocytes play an important role in the defence mechanisms 
of the bivalve immune system (Pipe et al., 1995bl with the num- 
ber of circulating cells often increasing in response to contaminant 
stress (Coles et al., 1994,1995) as observed in this study. Whilst 
increased total haemocyte count following 15 days exposure to 
0.25mgl-I dispersed oil may be a result of cell migration from 
the tissues, maintenance of elevated cell counts after the recov- 
ery period suggests stimulation of cell production (Pipe et at.. 
1999 PAHs can cause cytolysis in lysosome-enriched cells such as 
haemocytes (McCormick-Ray. 1987) with an elevation in haemo- 
cyte number indicating compensation for cell lysis. Cell lysis may 
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also contribute towards the significant increase in plasma pro- 
tein concentration observed in organisms from the low and high 
treatments, a possible result of the release of cell contents into 
the plasma. Alternatively, induction of humoral factors such as 
lysozyme (Anderson and Heaven, 2001) and pro-phenoloxidase 
(Xing et al.. 2002) may contribute to the increased protein con- 
centration found in the oil-exposed animals. 
Cell membrane stability is extremely important in the main- 
tenance and functioning of cellular processes. PAHs can impair 
cell membrane function (french-McCay, 2004) with reduced cell 
membrane stability a common result of contaminant-induced cell 
membrane disruption (Moore, 1985). Within bivalve haemocytes. 
lysosomes sequester, accumulate and metabolise a range of xeno- 
biotics (Nagger et al, 2005). However, this detoxification process 
is not effective if the storage capacity is exceeded and may result 
in damage to the cell (Moore et aL, 1984), Overloading the detax- 
iBcation process may account for the reduced membrane stability 
observed in the present study after 15 days exposure to both km 
and high dispersed oil treatments. Alternatively, the metabolic 
phase of PAH detoxification can result in the proliferation of reac- 
tive oxygen species (ROS) (Winston et al., 19961 directly damaging 
cell membranes through lipid peroKidation (Gomez-Mendikute 
and Cajaravuk, 2003). A reduction in cell membrane stability is 
inversely correlated with lysosomal volume (Moore etal., 2006)and 
has been reported in marine molluscs following exposure to organic 
pollutants (Da Ros et al., 2007). If lysosomal enlargement occurred 
as a result of the reduced cell membrane stability and persisted 
after the 7-day recovery period, this would provide a larger volume 
for the neutral red dye to be taken up, accounting for the signifi- 
cant increase in neutral red retention of the oil-exposed recovery 
scallops compared to the control animals. 
Phagocytosis, an essential part of the invertebrate immune 
response, has been shown to be impaired by numerous organic 
contaminants including polychlorinated biphenyls (Fournier et al.. 
2002) and PAHs (Sami et aL, 1993; Grundy et al., 1996a: Bado- 
Nilles et al.. 2008), and was significantly reduced in C Island Ica 
following 15 days exposure to 0.25 mg 1-1 dispersed oil. Phagocytic 
processes are dependent on membrane properties of the haemo- 
cytes (Grundy et al, 1996b). therefore, any alterations in the cell 
membrane may impact phagocytic activity. It has been suggested 
that disruption of cell membranes is more likely to occur from 
exposure to lipophilic organic contaminants rather than inorganic 
metals (Dyrynda et al.. 19981 with PAHs (penetrating phospho- 
lipid monolayers in model membrane systems) altering membrane 
fluidity (Nelson et aL, 1990). Results from the current study, how- 
ever, do not demonstrate a coupling of impaired phagocytosis and 
reduced cell membrane stability, suggesting other mechanisms 
may also affect the phagocytic process. Haemocyte motility, or 
changes in membrane recognition, can also impair phagocytic abil- 
ity (McCormick Ray, 1987), with PAHs altering the expression of 
membrane receptors (Sami et aL, 1993), which may interfere with 
the ability to recognise not-self material, essential to the phagocy- 
tosis process. 
The enzyme alkaline phosphatase participates in the degrada- 
tion and breakdown of invading non-self material (Liu et al., 2004), 
and has been recorded in various bivalve species (Xue and Renault. 
2000; Xing et al.. 2002: Liu et al.. 2004; Jing et al.. 2006). Previ- 
ous work has reported increased ALP activity in the oyster Pincrada 
fucata in response to copper exposure (Ding et al., 2006), however, 
dispersed oil exposure did not significantly after ALP activity in C 
Islandica. Previous studies have demonstrated ALP to be a polymor- 
phic enzyme, with variable activity between organisms (Fahselt. 
1987. Takeda et al., 1990). Such polymorphism has been reported 
in the coding loci for other enzymes in C. Islandica (Fevolden, 1992) 
and may account for the large variability in ALP activity observed 
in this species during the present study. 
Due to the range on immune parameters that constitute the mul- 
tifaceted innate immunity of invertebrates, and their inter-linked 
functions (Pipe et at, 1995b; Livingstone et at.. 2000). it is essential 
to usea suiteof endpoints. similar to the approach used in this study, 
in assessing immunocompetence. Previous studies have proposed 
the use of an integrated measure to reflect the combined results of 
different biological endpoints (Auffret et at., 2004,2006: Gagne et 
al., 2008), with Auffret et aL (2004) developing an immunotoxico- 
logical index based on the cumulative variation of each parameter 
from a reference value. However, such an approach requires the 
collection of species-specific baseline data over long-term surveys, 
something that was beyond the scope of this study. 
S. Condusba 
Whilst this study demonstrated an alteration in aspects of 
immune function caused by exposure to sub-lethal concentrations 
of dispersed oil, it is not clear whether the overall immunocom- 
petence of the organism was compromised. As the invertebrate 
immune system consists of a multifaceted defence system. impair- 
ment in one aspect of immune function may be compensated for by 
another defence mechanism. Therefore, further work is required to 
assess the ability of C. lsiandkn to respond to an immune challenge 
following contaminant exposure in order to increase the ecolog- 
ical relevance of such results. in addition, alteration in immune 
function observed in this study also appears to be reversible upon 
removal of the contaminant stress. However, the impact of long- 
term continuous exposure and high-level acute exposure is still 
unknown and may have consequences for disease resistance and 
hence survival. 
At present, environmental risk assessment (ERA) is the widely 
accepted process on which environmental management decisions 
are based. The ERA consists of four main steps: hazard identifi- 
cation, dose-response assessment, exposure assessment and risk 
characterisation. This present study contributes towards the first 
step in the ERA procedure through identification of the immun 
toxic effects of dispersed oil on C tslandlcn, an essential part of 
establishing the risks associated with increased oil production in 
Arctic regions. 
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tirwtr w r, nv PJIII rn-ass x sated nsok-Lular patterns, t'Ak1Psý enahkr triugmta>tt of structures present in mr. ruw- 
pr. rrvrd li )u1Y 2009 ga Isms such as hpnyerlysk. handes ILISt U11 ate an essential rurnutuciW of the outer mernbtarr of 
%, r, ved in re. ned hem (ram_tiegxrve ba. tena. stimulating the innate immune system of invertebrates. fiere U'S from 
14 kt'*e' 20421 F+ihenchia rnh . 
055 Bi; were used to investigate the ftaxtKrnal immune resamse of treten ntuxtmus AL it ued 14 actohn OM 
Available Doha 21 throbrr 141" after sumuLntun with a PAMP and to determine the vombmed eftect of a pheninthrent, ex sue and LP5 
t hafirnge Orgins sm% were exposed to 2001&g I' phenarthrene and afte 7d were minted with cnthe 
ptiysn, logrca1 satiric 1 mfRtron tuntrulsl of LPS xdulnat. and returned to their re+prcttve expusuir tanks. ý ray 
nnanu. ý fl. trn 
Ilaenlotymph was sampled Imm the scallops . ill h post-inlet lion and immune funttrun was assessed 
yAly, p uwnX a rurnbutatrcxt of cellular buokyptal responses the [PS ihalkrnqr stpirtkantly altered the immune 
pnnoune rr, a, response in P mwunus with rnueawd tell tounh and phigucytx activity. An tmnwrtusupprcurvc cfcrt 
Phß,  yrrw of phenanthiene was oho observed in this study. however, exposure to phenanthrriw did not vfpufi- 
lýWaputY+aýA+rWe cantly impair the otxatrsm's aGhty to respond tu a PAMP cttadr nfgr The overall level of pftagaxytusrs and 
(A 
lytoWxlt . apahany following the LPt rhalltnge was lower in phenanthrinic exposed walkrps and may 
ta, IKytI x ýrurn nsdro. ae .,. hive cunsequriucs fur di. ea t resistance in this commentally-exploited species 
rhrmmIh, rnr 2009 Elsevier Lid All nyfm reserved 
1. Introduction 
1hr Innau untnunr stotrtu of aneitrbtate% rrltr% uWm [tic 
m1, ßnttu, nof cnmtnunstrtniurespresentInm(T(P(, Kamsn1 ktx, wn 
is pathogen-ass.. twted molecular patterto i PAMV.. which play an 
mqntant ulr to untwtingan Innnone irslwrnr 1 Unrwlh 1'AMI' 
are Iipupolvsaccharldes (U'S I which cor titute an essential pail t4 
the miler mt'nihtane of Gtam-Ilegaltve b. xtena 1? 1 and rt Its 
a suwl unnwnr trsp, msr m btvahrs Ill. Whilst pie', w us studlrx 
h*r investigated the immune response to utg tm>ms lhailrngrd 
with van, ius 1'AMI'. I2 61. the elTcv t of rnntammatu rxpetswr on an 
ulytatu>ms ability tu tecugnlse and trspund tu a I'AA11' is unkntMVn 
ItdvlVtlit aluntatK h dt alten s-('AW Ate luund thtuukhuut 
fite tII. rme rnwr+Inrnrnt . 41x1 
hal^r been trpnted to, exert tmmu 
nulsu rife, (, tit a ianl, ". " if inaxttrta, tlrs It 9j hue lu tlwii 
tuxititv and ubiquttnu-s distribution in the environment. 16 PAH, 
h, n'r ili4"tl 1"I4SSP(I . 11 ltl t" IIV pitlhllant' 
by tilt' IIS Fm tn, ltml"ntal 
(hutettnUt A1enav With lunlrulutw, n. In excess of Ii Wi uff; It 
(rwre. psximl{ aulAý Set 44 17S? 2.1 lax 44 17%2 S94tA)i 
F mal a. Mrr , nrrrr Mna n plynwuth at uk Ml NaenAm 
irtuldrd iu . r. rvf. rtrr samples near area,. ut . rude ur1 ekpluiaun-n 
I MI, the trxv%ht IAH phthtanthrenr is ttw most abundant I'AH an 
ayuaut evosystems 11 l and is readily bwavallaWr and tonic to 
i range of nunne rnvertrbrate% 11.11 
The Great S. ailup (Ytrrn muvrnu% is a tomrnrrcwlly inxxortant 
Mvilve fn: both fi%hene% aril agwtulture, with estimated UK 
landings of lU! Nº01 yr 'worth t 30 mtthun f III l1revrcrus wink has 
rnduatt-d the mm eptibiluy of its h. iselmr rmrnurw parameters to 
the IAH phlrnallthlrnr, tauling alletations an pliagmytusis, cell 
mrmhranestab; iuyaixlihrnumberutartulatim! harmtKytes 141 
FMrwrtrr. it t, unrk"ar it . uth eflrttc will nnh, ttr an rnxannms 
ability tu iinpond tue a PAMI' challenge Here we investigated the 
Junctional immune mespouse of !' nrurunu> after stimulation with 
II'S. , mil drternunrd the ui nhmwl rllett of a phenanthrenr 
rýln. "or r . nrd II'1 th. rlirnt e 
L Malenalh and met hods 
IIIt'. I,, d . r, h"J ", i.. I" I, I'mI!!, tl Ifl "I, Irt üa4 11, "c.., ß I Ik 
, 50 11, N, 1 J, A l, tirlc (-'; m st. ( hi : IH) jig I I) L 11Jnthlenr %,. I Ia 
Akitah. Uk and a hltrrrd srawatel IFS%Nl - Innuni IS :IC. 
34 PSU, 11 16 1 stalls tanks 24 tank% to local I anlnul pei tank, lot 
H15n $14 S gee e.. »I cuttet . 1IM J Cluvwer Lid All light, te%a+vad 
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a total o(9 days Phenanthrene was dissolved in dimethyl sutfoxide 
It)MSO, with the final rnrwrntratrnn not exceeding 0.011 of the 
tank volume, as retumn nded firer aquatic toxicity tests (15) 
The DMSO solvent vehicle was also added to the FSW control tanks 
The seawater was renewed and spiked with the phenantteene 
stock solution every 24 h to nrarntam water quality and exposure 
concentration Phenanthrene levels on day I in the 200 pg I 
exprnwe tanks were measured at 171 15.6 pg I' iG&MS. 
HP$14) series II GC. HP51470 MS[) Hewlett Packard. USA,. No 
significant difference in the exposure concentiatiun was observed 
over the exposure period ft-test. t 0.924, P 0365,. With 
180 18 S pg I' recrnik-d on day 8 After 7 days. f, xaikrps finm 
each treatment were suüWtted to an immune challenge through 
their echonof 100trl U'S fromtsfienthintohOSS 8Si lO()pgml ' 
in physiological sahne 10.02 M HLPES, 0.4 M NaCl. 0.1 M MKSO. r. 
0.01 M KCI, 001 M C1Cts. pH 741 into the adductor muscle. A 
further 6 anwtals Korn each treatment were injected with 100 µl 
physiological saline iphys sal., to act as controls. Scallops were 
returned to their individual exposure tanks lot a further 48 h . before biological assays were conducted. Haemulyruph f -0.8 mli 
was extracted from the striated region of ttie addtx tin muscle usinx 
a 21-gauke needle arul stored in snctutttsed Eppend(x r tubes wild 
analysis. Using a tiered approach to assess immune function, the 
first stage is based on the immune apparatus responsible for the 
i mtune defence. in this case the haentocytes Therefrue, total 
haenuKVtr counts and cell nrembune stability were measured in 
addition tu pnxctincuncentratum 116[ The Srcurd tier iscentred on 
mechanism% of immunity. with the determination of phagnryttc 
activity and the ability of the haemrxytes to lyre foreign cells 
fcytotoxrc capability.. as described in detail by Hannam et at 1171 
AB 
It 
14 
17 
iD 
iý 
0 
t30 
r 
4b 
: 
wo 
I to 
F, 
_. 
= 600 P<0 05 , rrý ppr efsy 
bb 
20 
to 
es 
E 
2 
.i Sw 
it 
Cytotoxicity was expressed as the percentage of lysed target cells 
(sheep red blood cells) Immune pararnrters were measured in 6 
individuals rtum each of the four final treatment groups 
(FSW " phys sal.. FSW " LPS. FAN " phys. sal. PAN U'S with 
result" expressed a+ mean values I standard error D. rta set% were 
checked (or honwVrnerty of varunie and perºentage data was 
aresirw square mol transfornwd Unrvarwte analyses wrrr per- 
formed using two-way ANONA, tests were peilouned on each 
immune parameter to determine sigmfhant ditleren es due to 
interactions iexposure treatment " injection challenge) a main 
Tattors (exposure treatment and mjeinon chaIknwri Where 
dtffe enges recurred at. or abuse. the 95-t tirnftlente level. Frshet's 
LStº post hui patrwt e curnpati%mv. were tundueled 
I. Resulb and dixussbn 
ft is well du . unrrnted that the 
knitted ability of bivalve nwlluus 
to metatxrtºse PAHs often results in accurnulatition in the tissues. 
whilst body burdens were not detetmined in this study. phetun- 
thrrne is known to be readily taken up by organisms 1121 Based on 
similar tedtwtrunsI'/S. 36'. 3.67 in phenanthýrnrconcenhatumrn 
all the exp<, sute tanks osei 24 h, it is assumed that uptake of phetr- 
anthreneocc urrcd. This is in agj evment with evidence tram previous 
work canbtrrung the xcwnulatu>n of phenanthrrne in the scallop 
Chlumvs fs1undkn 1161 and other bivalves inducing Mytdus edulks 
118,141, Myth us gupupn»int tutu (201 and (russosfºra vrrxursu 121 
The UPS challrnpe significantly inciea ed the response of some 
bruk)%rrat parameters in P. maximus. with a 25% utcreaw. in total 
haernocyte count (THC± and a 411 irwrease in phagcrtvnc activity 
iFig. IA and h Huuwever, no significant chanlpr in plasma prutrin 
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concentration was observed (Fig. 19) Whilst crustaceans show 
a decrease in ceti counts in response to 1. PS {221 LI'S was not 
found to have any tax eifert on the haertmcytes of the mussel 
1N. Mob (2(. In addition, the initial decrease in cell counts 
of rnrstKeln v changed to cleated T Cs 48 h post chafer 
(22( in accordance with what was observed after 4$ h in the 
present study. This Increase in cell counts is llkey to reimt the 
initiation of an ittmune response to the invading non-self material 
through migration of hacmotyttts from the tissues and cell 
pmüferation. This is fwtIW evidenced by the parallel increase in 
phayocysosfs following the LPS challenge (Fig, 1D) and has also 
been reported in the roch oyster Sorrow" Shona in response 
to PAMPs (41 
The change in haemocyte counts hillowing LPS stimulation was 
also sigttißcantly impacted by phienarsthrette e (interaction 
effect: Ftjo - 600 P< OAS), with ASH-exposed scallops unable 
to Rather 11 r, tse the number of circulating cells after the 
PAMP challenge (Fig. IAI We to the already elevated 1HC In 
scallops frans the phenanthrette treatment, a common response to 
contaminant wiposwe (23L the capacity to pother mabitise hae- 
tmcyses (turn the tissues in response to the himsune challenge is 
limited. 
Many studies have demonstrated the bmummak effects of 
PAFts to various bivalves (7-924-26( which is in ajteenwntt with 
results from the present study with phenanthrene enposure 
significantly reducing cell membrane stability and phiiqpxytk &W 
cytotoxic activity (Fig. IC-4 This inhibitory ~ could be a resuk 
of direct effects on the Immune capacity of the haesuncytas. 
Pollutants cam disrupt cell metabolism and Al? production (27( 
reducing haentocyte motility and. ther kirre. phaypcytk activity. to 
addition, phagorytic processes are dependent on the membrane 
properties of the baemocyees (28) and the cytowxk capability 
relies an direct Ceti-to reff contact betwlM hirmotytes and the 
target cells 129 j. With Mils reportedly Inducing peraKidative injury 
to cellulm mettbranes of P. nkWinas (14$. changes observed in the 
cell membrane stability are also likely to alter these immune 
parameters. 
Despite the imttwtnosnppressivie effect of phenanthrene, it did 
not significantly area cell membrane stability or the ability at 
scallops a illicit a phasorytc or c. yO*s tic response to the LPS 
Challenge (Interaction effect: Fug - Q. ß1, Px0.9SS, FLq - (1.19, 
P-0.666 and Fix 0.01. P -- 0926 nespectivey). Whilst the [PS 
plus PAW-exposed scallops had reduced cell membrane stability, 
phtgncytk and tytokstic activity compared to LPS unexposed 
annuls (Fig, tC--Ei, this is a result of a slgn&ant exposure 
effect. not a decreased ability to respond to the PAMP, since 
a similar decrease was also observed in scallops not subjected to 
the 1. PS challenge. The recognition of PAMPS relies on pattern 
recognition re+cepts s (PRRs) such as the toll-like receptors 
reported in the scallops Cidnnrys furren (301 and Argoperten 
irrtrdiarrs $ 31) PRRs occur on the surface of haentncytes and 
therrfnte alterations in cell membrane integrity rewtdrt t from 
phenanthrene exposure (Fig. $C) may be expected to interfere 
with Ms. however the results from the present study indicate 
the ability to recognise PAMPS such as LPS is unaffected by 
phenanthrene exprrsure. 
The results fron this study demonstrated the ability of 
P rnw. fmus to recognise the DAMP of UPS" respond thto Pugh the 
activation of the innate immune system. Whilst the ability to 
iv ugnise and respond to a PAMP is not cuutpm, ornv% J by "AN 
exposure, the overall level of phagrxytlc and tytotuxk activity is 
lowered in plwnan Irene exposed scallcpss due to the imn rar 
suppressive effects of this PAH. Such an effect of manaminattt 
exposure may c rosetfoentty Increase the suss-rptthrlity of this 
commercial species tu disease outbreaks. 
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ARTICLE INFO A0STRACT 
Aria Ir hoiury Phctuilhrcnc. A map( aanponent of crude oiL b one of the most abundant PN1s in aquaut ccusystems, 
(k"«ved 12 Sepremb'" and is readily btuasailable and toxic tu a iangt" of mai me imerteb(atn Within bivalves. the haemolymph 
ttr, t, rd in revved kam I% tlnenMxr HMt9 atts as a uansIrr medium for these pollutants atsi their metabubt products. leaving harnuxytes stntrp- A. repted 21 tkrember "P4 
Available al ng 17 January 2010 
tibte to drietrhrwt cfetts Usinga suite of bbotognal cndpurnt-. this study drienntned the sublethal ; Td 
r e! rp»we tu S0. Inu and 20(1 jig II efetts of phrnantlxene on several oxidative stress and tmmurrrltrg. 
teal parameters in the haemulymph of the tummcnrally-rmpurtant xaflop Pixtrn rmxanus Phrinan- Krvwank thrrnc exposure 1200 tag L '; resulted in immune modulation with ultrnfitant reduLtrms in cell R`M"1rtawr°r 
xatiup membrane stability ! 
P<OUSI and phagcxytusts ; 1'<00;!. and a srttntfica(u nxrease in the number of 
Mnmwu funcnar total h wnux-vie% iP-0. (75 , Oxidative stress was also observed with a srIt(utttant dettease in total gluta- 
Oxidative y thtune 'P- 0.05! and srgmhsantly increased kvcb of lipid prrusnlatwn in the h. trmulyrnph ; P" 005; 
pAH Changes in the cellular and biochcmraa( endpurnts observed in this study illustrate their potential use 
PM"uantluerr Ni assessing the suhle of vats of contaminant exposure. Whilst previous Gilts have suggested a link 
between fire radr<al prrxianon and immune xrppressrun in vctrebr. tes. this is the first instance where 
o, udative stress and immune tunKUon have been measured together in the hacrnulymph of a bnatve nrut- 
lux, demonstrating a Irr>sibir link between PAH-rnduted oxidative stress mid the subsequent inhibition 
in harntocyte immune furxtwt. 
c 2010 Elsevier Ltd All rights reserved 
1. Introduction 
i"oI-, k yJi. ai, mwt, c hydt, x. I It ý i'AHs ate a uhrqu, a, u. k la, s 
, it iwyrtnK auntanurarns Iuurd tlucxgchuut the nanny envirun- 
nrcnt. with the rna)txuV ul tnputt amtnk f t"n aothrutxtgrnh 
%otu%rs law ei at, l4gi Narrual ttrn'Itlurnts cd citKlr ud ,n 
around 1411110 mg kg '. I'AH. ate bttth Iuxk and btulukuall ptr 
sI tint i ht"II, 2(M)2.. I'AH ttmtt"ntralitf+ in rues% it 1,0(1 (tg 1 
have bern reported in seawater hilkWwnK an dlt KIMIal blow nul 
oll an ultshutr 1HI platlunn , LaK I'+ 8. and I'AH Inds tit 
170(1 pK l' can result hum ml spill, f4. rhrn . lrnl 1', tge 2(X), 
Flue tu thirst Iwdiophtibtuty k, K A,  "4 I'AHs ate rradtly atw- 
mulated to uigarusmc, hurt attd Amlr, s,, u 198 1 .. And 
that 1, R 
It'. ttxl wuk"spseml emttimtnt"ntal 1e it ite las seen thv rr Iti'um 
,d 16 PAR. cm the LIS EPA prumN p'ihut. tnt list 01,1.1'A 2(7(14 
I'1wnauthrrlrr t% an Ri )4tttant t umntX, nt9U I1( (rudr till. wllh expel - 
tatenls uwhtating that pikrwndtrrrx" dornmates weathrtrd uti 
asset the vulatdr tuphtlukrrs have been knt , laths et at 1494 
Car rrrla+, brýl a It w lei -gti 1-u 2124340 b, "44 I7;: s*4.1r 
tool a1Jrret inarr Iw, run>rhrlynpruth r uº Ni Hae, urn 
Kenn"' and Farrell. 2005). With input IrvrLs of phenanthrene 
mtrr"avfig %inrrIhe I9'Mh-Imtael at, N)I, rirvat edcrxxrnlta- 
ticmS. up tu 14h(1 Irk L ', have been resnrded in seawater samples 
near arras of crude nil expiviitnm iAnraknra rt it . 
1(x)5, this 
kiss mole uhn wett ht PAll is ieaddy hlwvallable rtitrbnu>K a 
greuer1 sltnarmtationI. 110lninstalkrp%thanotherI'AH%1wewnt 
to o. IUtk oil - Hannant et at, 201)9+a and is also highly to%K to mar 
Inc ut7Canwn% iNr1C and Anderson. 11181 . 
LVhd. t tissue such as 
the hepatupair rea> gonad and gill may be insets h, PAH tu5K nv 
inntarrnnantý math ihrs inyam thinugh the tr. h mutyrnph urirr 
latuty >'Strm Thy% atts a, a tlan, lrr medium Irrt pollutants and 
thru inetabitlr, products. having the harnuxytrs suxrpiWr it, 
potential deletrrrirus cocci' Ian rt it 2tlla3 
Ailver e elhxt% ni I'AHs "L iv mull in sublethal ahetatuns 
of hu ma. 'statK mraltani>ni% such a% the unntunr %V%tern ýIhpr 
et at Ihr cumpkrxrty and uttrgtaunn with other physNrki- 
xal systems makes the rn>tnune +Ystenr pafll. ularty sen`diove tu 
env u nnm rn la 1. uni anwtanU with ritt Ira 'tu g cw id en& e ut It rums nu 
luvt prrr{trrtles in a tangs of set c'hi tie ,, including PAH' and krude 
oil "t; allr'rvay and 
i. r. srrl 2(NN) . 
814alves have drvrk. Pe1 Innute 
detritus to, reaºgnrse aixt plrrtrct J)4anbt hneign rttatrrul. With 
(MNt 6Sj; 3 gee fw i smut " 2U 10 Eheur L'd AM tq(t1e rr+e+ted 
di. 1O 1016; 1 t1tlMltwyhe1ý: 41SW 12144 
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cellular immune responses largely centred on the mu t functional 
haemocytes (Calloway and Gown. 206). Since growth. disease 
and survival of an organism is patt determined by the capabikty 
of Its immune system (Braise et al.. 2002 ), alteration of Immune 
function is important in assessing the sublethal elects of camam-- 
inattt exposure (torogen et at. 2004). 
awe a MAN has been taken up by an organism it may be sub- 
jected to bincramformation reactions. In bivalve molluscs. PAH 
metabolism largely occurs t n* h radical oxidation Irr-Aving 
reactive oxygen species ice) (Stegetnart and Lech. 1'991) which 
can be generated at Various stages a1GNg the Metabolic path" 
(livin nr, 1991). R05 are produced continually In IIWte cells. 
and are essential in ma cell function in bkdc al systems. 
However. an Imbalance between formation and newralsatwn of 
these reactive species can Induce oxidative damage (Vaiavanidis 
et at.. 2006). 
ftcent advances to enviromnetrtai risk amassment have high, 
lighted the use of molecular. aüular. and physiological endpoints. 
known as bimnark vs. to allow tepid ass ettt of contutlinaet 
ef&ets (Gallaway at al, 3006). here scab-orpaismi oranges often 
occur wer tela vely short dree ls and are aßen tnersibie. 
higm tltefc potential as eat4'"Woft signals of centas tt- 
nant-induced stress (G. dkma + et al.. 20031 üvah e candidates 
are widely used %r immuaoestticale®r blaroafiter studies (Caarsi 
et eL 2003; Gagnaitt It at.. 200k Preuln et at.. 3D07: OsId3s 
et at. 2007; eadn-Wies et at., 70010) due to their worldwide distri- 
bution and sedentary. Ihre Am d% behaviour (Pipe et al, 19'99). 
With low tttrtabolic rates. 6MAWs ham a tendency to accwaulae 
pollutants in their tis oes (At feet. 3005): in particular. Pectinidae 
scallops reportedly concentrate tunk compounds to a greater ex- 
writ than other bivaMa. Mcitttft the common sentinel species 
Mpfbs eduäc (Young-I. ai and liken. 19861 The use of scallops in 
polludcn-Meet undies has increased over tie last decade with 
PAM. etude all. pesticide and meta! toxicity d monSU red in CAs- 
mxr fsere i (Pan etas. 310S. 3006: Un et al.. 2009) Moor eitot es 
(Camus et al.. 20W Kennen at at. }, 4troia eirar (Owen 
et at.. 20(R) and Adýsshsn co ec*d (Belob et , t.. 1999. donacci 
it at.. ZOM). 
Tie Great Scallop preiest aw*nm is commercially explofted by 
lishe+ties and aquacitture. with estimated UK leer of 
20000 t Y. t worth E30 million (. 2000). Distributed along 
Ihn AdanW eta kc at the Bretton Penb sda b northern 
Norway (Marsball and Wllsao. 2006. this temperate scallop occurs 
in miau of ende all production. In addition. the northern limit of 
P. nwthmw may be pushed (Wt er Into Arctic ne tons as a testfit of 
Mcreasins sea temperatures. watete a rapid increase in oil expiwa- 
tintt activity is prodktsd (AMAP. 200). lowAns this c mmercialiy 
important species suseept le to PAH exposure. Despite the impor- 
tance of this species, knowledge of the biological elfrcts o(cont m- 
inant expnste in P. raasdinus is severely lacking. This study 
investigates the sublethal et%rts of plwnamtttene expoatur, assu- 
ciated with off extraction areas and accidental spills. on tute uxida" 
owe status and immune function of P. mmtimus using a suite of 
biological endpoints. 
2. Mate is ad USettsis 
2.1 . E*prsymrntal 
de4n 
Diver trtktied Great Scallops. P Ifluximus. from Start Bay. Ue. 
von, UK ( 5U 15N. 117f) were obtained through Br tt annw Sht4l. 
fish Ltd. UK in March 2". Experinuentit animals were 
confirmed to be of stnUtar Knnad rn turatiort and at ape-spnwning 
slap üf itamrtalenes+s based oil the rriteºia descfibed by Masan 
j 195[1 i. Scsliups were held sn 50 t tanks i-tS anomsts per tank+ 
conto 10 pm carbon-Mtered, aerated seawater (FSW ) 
(1 S: 1 IC. 34 PSU ) fix at least two weeks prior to franstet into 
the exposure system Water chanSm were carried out every 2d 
and animals were fed twice weekly using the algal concentrate 
Ism. ktstant A16ae` (approx. 2.7 - 10' cells- per anunai L 
Phenanth ette was dissolved in dünethyl suUo Ude (OMSO). the fi- 
nal ouncemrxion a( DAM did not exceed 0.01% of the total tank 
vdtane. Scallops were transferred to the expaimeatal tanks with 
alt e povxe united to -t 1 min to min*mise stress. ( adsttta were 
exposed to mullrau phenattthrrtte concenratlom of 50,100 and 
200 }tg L-1. and aw hick cannot in tndliddeal 6L aerated blass 
tanks with one animal per tank ((our ttutments. six tanks per 
treatment (n " 24). Based on reported obsserv ed effects from previ- 
um studies, scallops were subjected to each treatment for 7 d. with 
the seawater renewed and spiked with taue PAM stack solution 
every 24 b to maintain water quality and exposure concentrations. 
zz cbr"*W meann"aft 
To confirm the pbomanthrone exposure to icintratkon, and any 
&cle se in pbenantbrme öoacentratlan over 24 h. IL waw sm- 
on were colkctrd kam the Mposu re oaks kametlatety ter the 
initial pbrna* e splOW and 24 b post spähe prior to sawa« re- 
tuwwL Samples wert cotleclyd in 1L amber Duran books aad ex- 
tracted dunulh (lipid-squid extraction with 5 ML cydobexa ie. 
Each e ration was tamed out by mixing the sample and olvent 
through inversion and passed tbtatt atL separating firmet. The 
water phase was drained bock into the sampi flask and ex- 
tncted a nether two times. Combined extracts were dried with 
anhydrous NaSO4, aid conosorrated under nftrnyn to 1 ml using 
an ISM ! 'tierce *eactl4APTWif trod USA) and a 4yied 
uj6ß GCJMS (HP5*90 snits I GC. FPI0 MSG Hewlett Padiard 
MA1. 
11 swco w mawmwws 
HmwwbmVh bam six scallop a each aqoaae cconcettatlmi 
was sampled after 7 d. Ha K#YM h (0.1 ML) was extracted from 
the torimed now atthe adductor muscle usMS a 211pW needle 
ýttarhed to a1 ml iyripýe and trarºgbrned ma sliaoMted lppen- 
dorf tube. Samples far the determination of total cell counts. pro- 
tein content. ref membrane stabd4 and 1ºt math activity 
were stated on ke to n Mndse cell agereYadan. üaeewlytnph 
sun , les for oxidative streax analysis were stored at --SO C until 
required. All marawements conducted on haenrolymph samples 
wett carnled out in trrplic1te 
7.11. ToW aamarytr tow 
bnmediately after euuait1 haem Lymph s npks were di- 
luted i in 4 with &* r`s brmoi taldun (6FC 12% sodurn chloride, 
I% csicWm acetate. 4% kwmakWqmkj). to AX cMs and prevent cell 
a tiui Taal haemocyte axmts (Tf4C)w«e camrd out using 
an hnpwved Ne+ibauer haenwryw nrter under 40 r nugnilkation. 
2.32. "tin concenimflon 
plasma pratean concentration was determined us1n$ the meth- 
od of Stafford (1976', Modified for the with microptates. 6rk0y, 
diluted h em olymph samples 11: 3 physiological saline 10.02M 
HEPt5. Q4 M IVaC1,0 1M MgSg4. (LOI M KC1.0.01 M C414; pH 
7. A1) were transferred in 5 p1. aliquots to a microplate. Dive micm- 
litte ahgtwt s of a blank i phys 1u%tul saline) and S pt }xatein 
standards Ir). 2-i. Omgml I bovine serum albumin) wert AM 
Added in triplicate Two hundred mkrolltres of diluted BütRad re- 
agent (1: 5 cistiHed water, was added to each well and the absah 
baue tSWS nm; rer<udrd alter 20 min incubation at 20 IC. 
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211 (dI membrustr srnbihry 
Haenxxyte membrane stability was assessed by measuring 
re(sntK)n of Neutral Red (NRI dye 16abkh and Botenfreund. 
19Q2 described to detail by Hannam et at 120trab. Briefly. haemn- 
tymph samples j So pl) weir ptpctted unto a monoplate to utpth- 
cate. Altes 45 thin ttuubauon at 4 'C, non-adhered tells were 
removed by nnsing with physioM Kal sahne, befrxe adding 
2(X) hl aitquits of 0.004' NR >ulutmn to each well. After 3h füru- 
batuon at 20 C. excess NR solution was removed by rinsing with 
phv%mAt teal saline and 15K) lit .. tidified ethanol was added to 
breal, duwn cellular membranes and resulubihse the dye, the 
atroubante of the neutral red was measured spectmphielnnetn- 
cally at 550 nm and expressed as a futntsun of protein content W 
the adhered haemncytes. 
214 (MtagorvIo 
Ph. igmytrc activity of haernotytes was assessed by measuring 
the uptake of neutral red stained tyttwsan particles, frum Sucha- 
rontycrs ttrevisiarI based on the method of flpe et at (1995) as 
previously drxnbrd by Hannam vt al. (2(X?. %L t Briefly, h. wmn- 
lymph samples 150 µL' were incubated at 4C for Ih within a 
nncroplatr. after whrfi non-adhered cells were removed by rim- 
ing with physwlogital sahne t 100 µL "2 before adding 50 pL of 
dyed zyrtxnan suspension (SO - 10' particles nit 'ý This was 
incubated for 30 min (20 C. after which the reaction was halted 
thtuugh the addition of 100 NL BfC. Excess zyniosan suspension 
was removed by nnsrrgt with physiological saline and 1101 it aºid- 
ified ethanol was added to sdubilise the dye before recording the 
absorbance at 550 nm Phagrcytic uptake of zymosan pariiles by 
haemucyles was determined against a standard curve and ex- 
pressed as a function of protein content of the adhered cells. 
2.1S. Intuf ghºtuthkme 
Ihtermºnatºaº of total OutathNme to haemolymph lysate 
(; SH "(; SS(: ', was based on the cyclic rrduKtron Hwy of Owens 
and Brkhei i 1965 Haenwlymph samples were centrifuged at 
2(X1 x kor S nwn a4 C, the supernatant was removed and cells re- 
suspended in physiological saline. The haenxxytes were lysed 
through scmifx-atum i 30'{ ditty eyrie. 7" 15 s, UlttaMinw f'ro. essn 
W-385 Meat Systems Uluasonks, USA ºn an ke bath and stored 
at 80 'C until analysis. Haemolymph lysate simples 180 lit: were 
thawed on ice before adding 80 fit VThB solution t 10 mM trrNB. 
1(10 mM KH: f'O4.5 mM IOTA Alrytxrts of 40 lit UIhB-treated 
samples were transfetred ti a ntkruplate and 210 Tit d gtutathº 
one redu/tase solution l. ILIIml 
' glutathuxir rcdu(ta. 4". 
100 toM KN. 1k)4 S mM LUTA. pH 7S iwas added Alter atI iwinl; 
samples tu erlrelthrate fur 1 nun. M) Iil of I mM NAI) M was atkit-d 
lo start the reaction, and the Change in absorbatue measured 
kinetically it 405 nm for 10 min ltxxentraltcrr» of total glutathr- 
one were determined against a 44)pM CSH standard, and ex- 
pressed per mg protein. 
2. lti LipW prrraidatron 
Oxidative damage in the form of harnxocrte IiMd peruru(Lrtiun 
i ilk) i was asst . rd using a nxxhfred ntethod of thH, harbrtuti a. KI 
reattrng substarres iTSARS: t1inwo et aL. 1999,. HreuioIvnrph 
samples were thawed on ice and transksred in 40 it aIi uiits onto 
a mx rvpiate runtarnrng 10th IIH 11 'I'M 2,6-drirrt-butyl-4- 
rnrthvtphenA in absolute ethanol to prevent lurthei LP0. One 
bundled inx rnlrire of evh. u hOm butter 120 mm Irre-i M<rnclr 
0.15 M KCI, 0SM sut ruse, I mM EVIA. 01 7.6 was added it) eat h 
well Inlioowt"al by 91 td T(A xrh$tons Sit: wv InttiI irn, x uý . r, d 
and 7S pt IRA solutum 11" w"; v Ihrubarbtun. Acid in Sum M 
Nj()H:. After 60 rout rrtubatrim at 60 L. tue plate was coined on 
it e and the ahuwtutx eat 514) nm r" rNded Results. were rnea%ured 
as malundiakiehyde equivalents ' ML)A. ' deterrtrmed ay amt a 
-ýý 
st. uidJid turvr using 1.1.3,3-tetrxdtuxyprnpute (0-24NML and 
expres"' I per mg ptnleln. 
2. l tilatºxtKal andyv 
BSOIO IKal endpnfnts were measured in 6 Individuals tnxn each 
trratment with results exprrsxd at mean values !I starxlard rin, 
Dau sets were checked for homogeneity of variance and unvanate 
an. rlyan was peiioi nted using one-way ANl)VA i Staryaaphk SS 11. 
Post-hut pauwtse cumpJnsons were conducted Fisher's LSD; tu 
identify where significant di(Irrert-es occurred at or atxwe the 
95, to nlidence level I ass+x wtrd plubiblhty X0 05 :. 
3. Results 
3.1. c3eiukd unuh' is 
Phenanthiene cuntentrations retorted in the ezpasurr tanks 
after the initial PAH spike were 45 8.83.2 and 163 2 jig L' (a 
the 50.100 and 2(E jig L1 treatment. ºespectively J Ahle 11. 
These treasured pherunthrene concentrations represented be 
tween 82i and 921 (it the norrunal exptiºsrne tomcenttations, with 
a reduºtim ºn this percentage with increasing rominal on entre 
MOS. Phenan hrene levels in the exposure tanks had decreased 
a(teº 24 h with a 73-751 reduttwn in the initial phenanthrene 
concentiatnm across all treatment groups (Table 1 :. No phenan- 
threne was detected in the control tanks. 
12. B+ *y" andy e 
Na) mortalities were reiiºrded fmmn any treatment groups during 
the exposure. however sublethal elira is were observed. 
The total number of rirculaung haenux-ytes in P. mrufmus in 
creased following in vivo exposure In 100 and 2110 µX L' phrnan- 
ttrene t fig 1A. Fi jr -3 73. P-0.05. The lowest total haemrx yte 
count iTHC! was raorded in the control group. whilst exposure 
to 20H1 Ng l' increased the average number td haenorcytes by 
32% Fig IAt Irareasing phrttanthrene cunientiatitns also pm- 
diked a trend of rrxreasIn% plasma protein. with keels ranting 
(torn 1.04 ntg ml ' in the control giotrp. up tu 171 ing ml ' irr 
organisms exposed to 200 tag L1I Fig. 18 However. there was a 
large degree o variability in the data, and the meaxrrd uxrease 
in protein Concentrations were not statistically sijndkant 
(6, iy- 1.74. P-0191) 
A trend of dec lining cell membrane stability was observed with 
increasing phenanthterre concrntratim i HK IC:. with exposure to 
50. I(X) and 21. E jig l' reduk ing mrmtnanr stability by 111.29'r 
and 461 tespe. tively. relative to the (rmtnd group However. only 
exposure to the highest phrrunthienr ctimtcentratim tested. 
200 ugL '. resulted in a sugmftiant redu. tuat in tell membune 
stability after 7d lF,., " 4.24.11- 0.05: with an A".,,, nI 3 36 mg 
ptotrin. 4nmpared to the conirol k6 27 mg 'protein and SO pg L 
+5.59 mg ' ptutr+n trraunents. The phagixytic ktivity ul P nru. s- 
nnu% haenuxytes was sigmhtantly reduced hdluwtng e%pusurr tu 
2(X) pg L' plrentanthrrne 111,1-320. P- 0.05!. with tlrc uptake 
of cymosan at 13 7- 1t1' particles mg ' protein, just 501. of the 
levels observed in the uxrind group ? Fig. 1 to i. 
1. M4.1 
"CL"{ wale ". `k. JI "" P'-'A; mrte 1"h tt Sf a hMºef. in the foi 
rXpf7J R' Iteeýnýritý. altre : 1e I 11! J P, VI : Nse O it mid 4ie: .i It 
_ _ý. __ ... Phraand"Me I Ilk . 1W IdiluIl wg L_.. 
2o0u wMUlrl Us It WOO 
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Fiji. I. lbubDVLal t paofe dP Wit mermen *Ak~rg 7d pwnwirbrene etpwwa (A: ux4 bxInOwyte caduc iflu G I' p4mw protein coe ennwws, tc; tell mmbr ae 
uabdbty ; D; plugut'tk &I ; E; loin rluwbrwu concr t, con ; GSgrl and (Ft bpd penis 4adoa (W: Vabu+ an de%$ayad at. wam ti g. SYUNkaIy wrca n 
ddfr en e, are vncaW d by ddfitei k, m ,c letters. 
Mean gtutathu ne levels ranged from 13.9 nrnul mg ' protein in 
Iwe mw-yte lysate from the control group to g. 6 nmul tog ' protein 
to 20011g t' PAH-exposed otgamsm% (Fig IE. Fiji-4.40, 
P-0.05 L Lipid peruxidation. as determined by TSARS. Mgmticantly 
Increased with exposure tu phnwnthrrne lF3y, - 7.71, P. 0.05z 
with maximum LPO, 6,6 nmul ML)A, mg ' putetn. observed in 
the 20(1 pg t' phenanthrene treatment !F iK 1F 
4. Dixussimf 
Ike adsutpuun of phenantlueue ontu t1w sui Ixe u(thr butte the 
trrgam>m% and expcnure tank will crnttribute towards the redet - 
lion in phen anthrene ºrvets measured to the seawatet. and the pit) 
gres. rve loading onto these . urfacev may ati a% a seumdary supply 
of phenanthiene to the seawater phase doting the ruurse of the 
exprnurr t Skad%hcvm. 2(MW.. In addition. the te'ductnm in phenan- 
threne concenttamns civet 24 It i% likely tu rellett the bwavadabll 
Ity and uptake of this ttnnprwrtd, with a log k, , - 4. S7 I S&Adshecrn 
et al . 20W, phenanthtrnr is readily 
taken up by otgattistn+ i heil 
aril Atxletsnn 14111 In Luder tu ntttntattt phenanthrene exposure 
levels. despite the Large uptake of the PAH by It nruaunus, the 
water was renewed and spiked at regular lager m'y revery 24 hu 
the knitted ability of bivalve rnt4lU%0 tu met. thc, h>e 1'AHs often re- 
sult, in accumularnxn in the tissue'.: whilst body burdens wets mit 
determined in this study evidente hutn previous work has (an 
fumed the atrwnulalwn it phrnantlaem" in 1, ulurrdKtr IHanrarn 
err al . _'tlü9a .M edufa I 
Lass et Al.. 1991. Motile et A. 2007 ,. Mtilrtus 
gdt*, prnrurrait, tV. rlavanuLs et al_ 2(M aril (rucsostrtu rUKurrra 
tldei and Uristet, I988 A. 
11wre r% c nn'. id'rahle evidemv of the vulnetat)tttty of an crrgan- 
isnYs in(nwne system tu envuonmenlal cOnramtnrrn+ Aulltrt 
Cl Al- 21)02, feiet-( adalua rt al.. 2004. Eitann rt . 11 2001. Oid. o 
et Al, 20n7. An eflettive inunurtr response is tntpurrtant in the 
maenlrnant e of rx yarusm health and. in bivalves, relk's un rtTit will 
functtunnig at the harnwrrytes Pipe and Cole'. 19tu Haetmiytr% 
pattuipate in a sauwty at funt(l fts. imluding gas exchange. ct. ms. 
tegulatum. nutrient digestion and dntttbutant, waste exitrtwn 
and wound repair In addition to these rules. haemncytes are also 
essential fix innate immunity IChertg. 1981; Nennger and Le Pen- 
rm. 2006; W An inn reale in the number r)f ctrru(aung Finn ytes 
was reported to P maxonus following phenanthiene exposure in 
excess of I(M) . &g 
I. ', a trend whttii appears to be a ttnnm m er- 
spunse to enwronntrnul stress IAu(trrt et at. 2006>. Such an in- 
trrase in IHL may be a comprmattiry Iesponse to the reduction 
in tell mrrnbx ane mtegitty also ubseivcd in tis study. The Irutrase 
in THC may rettest mmg[mion of hiemotvie% Irom the tissues or 
stimulation of tell production IPtpe et at 11004 - 
Despite the in- 
crease in teil count. tow phagrxyttt aaivuy was observed after 
phenanttuene exposure, suggesting the latter case mote likely: ful- 
lowiry, tell pioltfrratwm, immature h. wtnrcytr% may have a re- 
duted phagotytic capability tHannam et at.. 21xwb1 
(lxxiative stress parameters were measured in the haemulyrnph 
t Gagne et al- 2(Kth. Pan et at.. 2(K) Liu. 2006: Kaluyunm et al- 
2(N>4: of P musumus Since the cellular immune function relies on 
the haenKKytrs that move throughout tail methunt Ydutathaone 
is regarded a+an essential antuoxidant deluxe mechanism iii se ls, 
acting as an uxyradical scavenger, removing hydro n peroxide 
+H"O hy t+upttn the redti Lion ti, H, O with the oxtdanrxt of glu- 
tatitnmr : Hal lrwrlI and Guttrtidge -111(1?, An in. rrase ist glutatha 
one may. therefore. induaa' up regulatwn at antioxidant defeiwes, 
and this has been correlated with irxiej%ed PAH tissue burdens in 
the hivalve Per no t'rndts il lining el J. 2001 " lonversety, the re- 
sults tuen this study mdrute a tedurnon in glutithione following 
phenanthrene ri{xr>urr this is likely to mtM ate etdlark ed Iirruta- 
ttun of ROS t»rtwhelttuttg this antioxidant defence system When 
earls rrxtdttu1n 4111 . 'du ed y, Iutathirnr iK i ist. ONuhced gkttathuioe 
may be evicted (rum the cell nwtr taptctly than It , an be trust 
vested to tow reduced Dorm catalysed by idutathuxw tedurtase, 
mesulung in decreased total giutathione levels iRegtils e( al. 
IqQR: f'henanthrene exposure induces a %imii. u drarase in 
glulattuwte to the fish (urus. sius ""tutus ! Yon et Al. lulYlt, and 
a reduitnrn in giutathione has also been reported in the 
Antaictu scallop A trr(brckr following ntcta) exposure (Reg)4 
et Al. IQq$;. 
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Glutachioae also plays an important rde in deowdlication rNc- 
uo is as a key conJug e of electmtibllk latennediates (Van 
der 
oust et A. 20D3). Metaboilsed PAH inlenTleldi&M in the tam of 
quwanes. have a shong ofh"Y For cefalar tbiols such as siueathl- 
onr (Xue and Wa wsltY, 2005) and Drevlous studies 
have 
suggested that pt andtem metsboüt$ 
form pitathinnc ON OW 
gates to C. aanaus (Via et al.. 200711 ! e. the reactivity 
ä 
phenaiuhrEr+e intennedia s to conjugate with the 
$uatKlofl 
molecule may also omntiibute to reduced levels of toL ejutathkme 
observed in ttth present study. 
Depktian of IWANoue is Seen as a sign Of oxldmtve stress 
and is often a podispoft factor In adverse effects of o"dw 
dame (Ringwood e< A. 19991 Ill t targetäng of cell membranes 
by WS can caste an ar*oc tal OxWktbu 11 r" k+nw as 
Wid aeon (110) (de Noieida et al. 2007). An Maease 
in LPO was observed in d& ý0( 
'f 
on t0e p 
Ipo can pwtwb thembrane tlractuee and function 
by altem 
membrane ßät. coo m1 ill uK li -m * the MUeVitY, 
inactive 
iq me bgae-bound _ 
nwkvvks. in additim the early sups of LPO 
peroacides (1.0004) which al pardcipste 
in redet reactions. and 
can exaanmoe petaiddu[ve eel in" 
During LM aldelodes 
such as malo"WeSde are tanned as 
by producd. and two 
can react with OA bases farming 
(IM addacb (Haillweri and 
Gutserbe, 2007} previous work has demonstrated as Increase 
in IPO as a result of PAH eaposase in sea boom Sparse aw+aea 
(Kapedka4varc 2k and CmMa. 2009) and sea 
barns Ortstu n 
iolwas (A m ad K al., 2000) as wer as is the biviws K 
rlnclolb and A ro wrie ((min el mi. 2007: 
Kaicwlami et at. 
2009}, 
S. ca bmwe 
The results from this study demonstrate the dixupeioa at md- 
dative status resulting in alhdw lipid pnotfdatiaa. and reduced 
immune function in the Gnat Scamp P. mtudwas exposed to the 
model PAW. phenandn"WCompeted to athw PAHS. phenmthren r 
is considered regle less toads with a taadc epttiv. 
kocy factor of 
0001 relative to byes Z«aJpyene (Nld et and LAGc ,, t992$. 
Now- 
evnr, the ttbigttitans dis ttlon of Phenatim"M 
is the aquatic 
environment and its wad Lary for aoc Within ot$attismsh 
results in the polmtial he Adeterlous e«orts. 
Sintre a bivalves &Wity to mount an elft lent le- ""quase 
is reliant aper cite btepify and efficient 
Mtctiot>Cin of haetno- 
cyst c. PAH-itdUred stimulation of 
NOS prtdttRiott. is hkety to be 
a major cottuibwita' to the reduction 
In an etitanism's immune. 
competence Previous reports have su8ested Suds a 
Itch between 
oxidative stress and altered i muhe 
frmction in venebeatrs 
(Kilter et al, 1997.19981. Mere. oaddatire stress and immune 
function was measured torcher in the haemolymph of wntami- 
nant-exposed scallops. pnwiding evidence 
for overloading of the 
antioxidant capacity and stttnequent Immune suppression 
in 
bivalve molluscs. 
A reduction in the immune function of P. maximus loilow 
qng PAH exposure. as ittds ated by the results of this study, may 
increase the susceptibility to 
bacterial infection This may 
haw cunseyuences in terror of the 
health of safkop.. and may 
aho have .n ph ium tin the 
human 4 omuitiiptum of 
P maxism'; 
Thts wr+r* was co- funded by a Unn"et stty of Plymouth i UK HEIE 
rescarc h studentahlp and IRIS-Akvannija ( Murway ;. 
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